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ABSTRACT
To complement previous studies carried out at the University o f 
Surrey on elemental concentrations in the atmospheric aerosol, the 
present study o f the temporal variations o f certain elements in the 
atmoshpere was in it ia ted . This study considers the design and 
implementation o f an integrated aerosol sampling and analysis system 
capable of providing quantitative measurements on the temporal 
varia tion  o f a number of elements on a routine basis with a time 
resolution of as low as two hours.
A fte r  an introductory discussion o f the structure o f the atmo­
spheric aerosol, consideration is  given to the design and operation 
o f a sampler capable of taking continuous time-resolved aerosol samples 
with known temporal resolu tion . The subsequent analysis o f these 
samples is  carried out using the technique of proton-induced X-ray 
emission analysis, using a nominal 20 nA proton beam o f 2 MeV from 
the University Van de Graaff accelerator. The paramenters o f the 
analysis system are investigated fu lly  in order to optimise the 
s en s it iv ity  o f the system fo r  the routine analysis o f a number of 
elements in the aerosol samples. The results obtained from the analysis 
o f a number of samples are presented along with relevant availab le 
m eteorological data.
Detailed discussion and critic ism s o f the sampling and analysis 
programme is given in Chapter (6) along with conclusions based on the 
resu lts obtained from the analysis o f a number of samples. Some 
discussion is given 'over to the possible use o f other charged-partide
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or X-ray based analytica l techniques suitable for the routine analysis 
o f time-resolved aerosol samples.
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CHAPTER 1
INTRODUCTION
The atmospheric aerosol ex ists above the Earth's surface in a 
state o f dynamic equilibrium. These aerosol partic les  are continuously 
produced both by natural and man-made events and subsequently removed 
by competing processes such as sedimentation and washout by rain. In 
some cases, the fin a l sink o f aerosol partic les  may be adversely 
a ffected  by the presence o f the aerosol, the actual e f fe c t  depending 
on a complex function o f p a rtic le  s ize , composition and concentration.
I t  is  thus useful to have some knowledge o f the behaviour o f the 
atmospheric aerosol with respect to both time and m eteorological 
conditions to enable meaningful a ir-qu a lity  standards to be established. 
This thesis describes the development o f an aerosol sampling and analysis 
system fo r  the routine analysis o f  time resolved aerosol samples. The 
fo llow ing sections describe in  more d e ta il the structure and e ffe c ts  
o f the atmospheric aerosol relevant to the current p ro ject.
1.1 A ir  Quality Standards
1.1.1 The Earth's atmosphere
The atmosphere surrounding the Earth extends to a height o f 
approximately 1000 km. This region is  normally subdivided in to layers, 
the boundaries o f which are usually marked by a change in  the sign o f 
the temperature gradient otherwise known as a temperature inversion.
The lowest o f these layers is  the Troposphere which extends to a height 
o f up to 15 km and within which exists the biosphere, the region o f the 
Earth's surface which supports l i f e .  The Troposphere represents that
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region o f the atmosphere which is  most influenced by the a c t iv it ie s  
o f man and as such is  the region ch ie fly  concerned in  air--pollution 
studies. Above the Troposphere there is  the Stratosphere extending 
to 50 km followed by the Mesosphere extending to 85 km and fin a lly  
the Thermosphere, the upper layer in  which temperatures may exceed 
1,000°K (Sein fe ld , 1975).
1.1.2 A ir  po llu tion  h istory
Prio r to the Industria l Revolution, the prime source o f energy in  
the U.K. was wood. However, coal had arrived in Europe as early  as 1200 AD 
from the technologically more advanced Asian countries (Stern, 1976).
The unrestricted use o f coal fo r  domestic heating gave r is e  to the f i r s t  
recorded complaint about the quality  o f London a ir , being made by Eleanor, 
the w ife  o f King Henry I I I  in 1257 (Brimblecombe, 1977). During the reign 
o f Edward I  (1272-1307) protests from the n ob ility  on the use o f "Sea Coal" 
resulted in two special commissions being set up to in vestiga te pollu tion  
(Stern, 1976; Brimblecombe, 1975). During the reign o f Edward I I  (1307- 
1327) a man was put to torture fo r po llu ting the a ir  with " . .  . . a 
p e s t ilen t ia l od ou r...."  from the burning o f  coal. By 1450, Parliament had 
taken steps to reduce the domestic use o f coal both by establish ing a coal 
tax and by lim itin g  the import o f coal into London.
Despite such early  measures, peak pollu tion  leve ls  occurred in London 
during the height o f the Industria l Revolution around 1880. Levels o f up 
to 860 yg.m” 3 o f particu late matter have been recorded (Russell, 1885) 
compared with the present recommended maximum loading, o f 80 ug.nT3 th is 
being the approximate le v e l at which the World Health Organisation suggest 
that the condition o f those with pulmonary disease is  worsened (Flowers, 1976).
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S uch ,  g r o s s  p o l l u t i o n  l e d  t o  r e n e w e d  a t t e m p t s  a t  c o n t r o l  a n d  d u r i n g  t h e  
p e r i o d  up  t o  t h e  m i d  2 0 t h  c e n t u r y ,  t h e  U . K .  s a w  t h e  a p p o i n t m e n t  o f  m a n y  
s e l e c t  c o m m i t t e e s  t o  i n v e s t i g a t e  a n d  r e p o r t  o n  s m o k e  a b a t e m e n t  i n  
B r i t a i n .  T h e  c u l m i n a t i o n  o f  p u b l i c  a w a r e n e s s  o f  t h e  " s m o k e  p r o b l e m "  
o c c u r r e d  d u r i n g  t h e  L o n d o n  p o l l u t i o n  e p i s o d e  o f  1 9 5 2  d u r i n g  w h i c h  a n  
e s t i m a t e d  4 , 0 0 0  p e r s o n s  d i e d  p r e m a t u r e l y  a s  a  r e s u l t  o f  t h e  i n c r e a s e d  
s m o k e  l e v e l s  ( S t e r n ,  1 9 7 6 ) .  T h e s e  d e a t h s  o c c u r r e d  m a i n l y  i n  t h a t  s e c t o r  
o f  t h e  p o p u l a t i o n  a l r e a d y  s u f f e r i n g  f r o m  b r o n c h i a l  i n f e c t i o n s .
1 . 1 . 3  D e f i n i t i o n  o f  p o l l u t i o n
T h e  t e r m  a t m o s p h e r i c  p o l l u t i o n  h a s  h a d  a  n u m b e r  o f  d e f i n i t i o n s  o v e r  
t h e  p a s t  f e w  d e c a d e s .  A  u s e f u l  w o r k i n g  d e f i n i t i o n  i s  g i v e n ,  h o w e v e r ,  b y  
L e d b e t t e r  ( 1 9 7 3 )  a s  " t h e  p r e s e n c e  i n  t h e  a i r  o f  a n y  a b n o r m a l  m a t e r i a l  o r  
p r o p e r t y  t h a t  r e d u c e s  t h e  u s e f u l n e s s  o f  t h e  a i r  r e s o u r c e " .  T h e  u s e  o f  
t h e  w o r d  a b n o r m a l  i s  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  t h e  e x i s t e n c e  o f  
n a t u r a l  b a c k g r o u n d  l e v e l s  o f  v a r i o u s  m a t e r i a l s  ( N a t u r a l  a i r  c a n  b e  
e x p r e s s e d  a s  p e r c e n t a g e s  o f  v a r i o u s  m a j o r  g a s e o u s  c o n t r i b u t i o n s  a n d  t r a c e  
g a s e s  ( H ^ O ,  S O ^  a n d  0 g  e t c . )  a n d  s u s p e n d e d  p a r t i c u l a t e s ,  d u s t s ,  s p o r e s  e t c . ) .  
T h e  t w o  b r o a d  c a t e g o r i e s  o f  p o l l u t a n t s  a r e  p a r t i c u l a t e  a n d  g a s e o u s .  P a r t i c u ­
l a t e s  a r e  g e n e r a l l y  r e f e r r e d  t o  a s  s u s p e n d e d  p a r t i c u l a t e  m a t t e r ,  a n d  t h e  
o b s e r v a t i o n  S P M  i s  o f t e n  u s e d  f o r  t h i s  c l a s s  w h i c h  c o m p r i s e s  b o t h  s o l i d
a n d  l i q u i d  m a t t e r .  T h e  C l e a n  A i r  A c t s  o f  1 9 5 6  a n d  1 9 6 8  a s  a p p l i e d  t o
p a r t i c u l a t e  p o l l u t i o n  f r o m  c o m b u s t i o n  p r o c e s s e s  d e f i n e  t h e  f o l l o w i n g  
c a t e g o r i e s :  ( F l o w e r s ,  1 9 7 6 )
i )  G R I T  -  p a r t i c l e s  w i t h  a  d i a m e t e r  g r e a t e r  t h a n  o r  e q u a l  t o  7 7  ym.
. i i )  D U S T  -  p a r t i c l e s  w i t h  a  d i a m e t e r  g r e a t e r  t h a n  1 ym  b u t  l e s s
t h a n  7 7  ym
i i i )  FUME -  p a r t i c l e s  w i t h  a  d i a m e t e r  l e s s  t h a n  o r  e q u a l  t o  1 ym
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T h e  t e r m  s m o k e  i s  u s e d  f o r  t h o s e  f u m e s  w i t h  a  d i a m e t e r  o f  l e s s  t h a n  
0 . 1  ym  a n d  c o m p r i s i n g  p r i m a r i l y  c a r b o n a c e o u s  m a t e r i a l .  T h e  A m e r i c a n  
S t a n d a r d  A s s o c i a t i o n  h a v e  l i s t e d  t h e  c om m o n  n a m e s  g i v e n  t o  a t m o s p h e r i c  
c o n t a m i n a n t s  a n d  t h o s e  h a v e  n o w  b e e n  a c c e p t e d  a s  u s e f u l  w o r k i n g  
d e f i n i t i o n s  ( F i g .  1 . 1 ) .
O n  a  w o r l d - w i d e  b a s i s ,  t h e  n a t u r a l  e m i s s i o n  o f  g a s e s  t o  t h e  
a t m o s p h e r e  i s  h i g h e r  b y  s e v e r a l  o r d e r s  o f  m a g n i t u d e  t h a n  t h e  m a n - m a d e  
e m i s s i o n s  ( N e w e l l ,  1 9 7 1 ) .  T h i s  i s  n o t  t r u e  h o w e v e r  o n  a  l o c a l  s c a l e  
w h e r e  i n d u s t r i a l  a c t i v i t y  m a y  p r o d u c e  e n r i c h m e n t  o f  t h e  m a j o r  p o l l u t a n t s  
c a r b o n  d i o x i d e  ( C O ^ ) , n i t r o u s  o x i d e s  ( N 0 x )  a n d  s u l p h u r  d i o x i d e  ( S 0 2 )  b y  
f a c t o r s  o f  7 0 0 ,  2 0 0  a n d  1 0 0 0  r e s p e c t i v e l y  ( S t e r n ,  1 9 7 6 ) .
P o l l u t a n t s  e m i t t e d  d i r e c t l y  t o  t h e  a t m o s p h e r e  a r e  t e r m e d  p r i m a r y  
p o l l u t a n t s .  T h e  p o s s i b i l i t y  e x i s t s  f o r  d i s c r e t e  c h e m i c a l  f o r m s  t o  r e a c t  
t o g e t h e r  o n c e  i n  t h e  a t m o s p h e r e ;  t h e  a b s o r p t i o n  o f  s u l p h u r  d i o x i d e  i n t o  
w a t e r  d r o p l e t s  m a y  f o r m  a c i d  r a i n  a n d  t h e  p h o t o d i s s o c i a t i o n  o f  n i t r o g e n  
d i o x i d e  i n t o  n i t r i c  o x i d e  a n d  a t o m i c  o x y g e n  i s  t h e  f i r s t  s t e p  i n  a  s e r i e s  
o f  a t m o s p h e r i c  p h o t o c h e m i c a l  r e a c t i o n s .  P o l l u t a n t s  p r o d u c e d  i n  t h i s  w a y  
a r e  t e r m e d  s e c o n d a r y  p o l l u t a n t s .
1.1.4 Current U.K. leg is la tion
A t m o s p h e r i c  p o l l u t i o n  c o n t r o l  i n  t h e  U . K .  i s  a t  p r e s e n t  g o v e r n e d  b y  
t h e  A l k a l i  I n s p e c t o r a t e  u n d e r  t h e  a u s p i c e s  o f  t h e  H e a l t h  a n d  S a f e t y  
e x e c u t i v e .  T h e  A l k a l i  i n s p e c t o r a t e  w e r e  f o r m e d  i n  1 8 6 2  a s  a  r e s u l t  o f  a  
R o y a l  C o m m i s s i o n  t o  i n v e s t i g a t e  t h e  e m i s s i o n  o f  h y d r o g e n  c h l o r i d e  g a s  t o  
t h e  a t m o s p h e r e  f r o m  t h e  s o d i u m  c a r b o n a t e  m a n u f a c t u r i n g  i n d u s t r y .  T h e  
j u r i s d i c t i o n  o f  t h e  i n s p e c t o r a t e  w a s  l a t e r  w i d e n e d  t o  e n c o m p a s s  a l l  
i n d u s t r i a l  e m i s s i o n  t o  t h e  a t m o s p h e r e ,  t h i s  b r o a d e n i n g  b e i n g  c o n s o l i d a t e d
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D U S T
FUMES
M I S T S
G A S E S
FOG
SMOKE
SMOG
H A Z E
S o l i d  p a r t i c l e s  g e n e r a t e d  b y  c r u s h i n g ,  e r o s i o n  a n d  
s i m i l a r  p r o c e s s e s
S o l i d  p a r t i c l e s  g e n e r a t e d  b y  c o n d e n s a t i o n  f r o m  t h e  
g a s e o u s  s t a t e
S u s p e n d e d  l i q u i d  d r o p l e t s  f o r m e d  b y  g a s e o u s  c o n d e n s a t i o n  
o n  l i q u i d  d i s p e r s i o n
F o r m l e s s  f l u i d s  w h i c h  o c c u p y  t h e  s p a c e  o f  e n c l o s u r e  
w h i c h  c a n  b e  c h a n g e d  t o  t h e  l i q u i d  o r  s o l i d  s t a t e  
b y  t h e  c o m b i n e d  e f f e c t  o f  i n c r e a s e d  p r e s s u r e  a n d  
d e c r e a s e d  t e m p e r a t u r e
A n  a e r o s o l  o f  l i q u i d  d r o p l e t s  c l o s e  t o  t h e  g r o u n d
C a r b o n a c e o u s  p a r t i c l e s  o f  d i a m e t e r  l e s s  t h a n  0 . 1  y m ;  
t h e  r e s u l t  o f  i n c o m p l e t e  c o m b u s t i o n  p r o c e s s e s
M i x t u r e  o f  s m o k e  a n d  f o g
A e r o s o l  o f  f r a c t i o n a l  m i c r o m e t e r  p a r t i c l e s  w h i c h  c a u s e  
v i s u a l  o b s c u r a t i o n .
C l a s s i f i c a t i o n  o f  a t m o s p h e r i c  c o n t a m i n a n t s
F i g  1.1
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b y  t h e  A l k a l i  W o r k s  R e g u l a t i o n  A c t  o f  1 9 0 6  w h i c h  i s  t h e  b a s i s  o f  
c u r r e n t  l e g i s l a t i o n .  T h e  A l k a l i  I n s p e c t o r a t e  a p p r o a c h  t o  l i m i t i n g  
e m i s s i o n  i n t o  t h e  a t m o s p h e r e  i s  t o  u s e  a  s y s t e m  o f  " b e s t  p r a c t i c a l  m e a n s "  
( B . P . M . ) .  T h e  a p p r o a c h  i s  s o m e w h a t  s u b j e c t i v e  a n d  d o e s  n o t  r e l y  o n  
b l a n k e t  l e g i s l a t i o n  t o  l a y  d o w n  a b s o l u t e  m a x im u m  l e v e l s  o f  e m i s s i o n ,  
a s  s u c h  t h e  b e s t  p r a c t i c a l  m e a n s  f o r  r e d u c i n g  e m i s s i o n  l e v e l s  m a y  v a r y  
f r o m  l o c a l i t y  t o  l o c a l i t y .  D o m e s t i c  e m i s s i o n s  a r e  c o n t r o l l e d  v i a  L o c a l  
A u t h o r i t i e s  w h o  a r e  e m p o w e r e d  u n d e r  t h e  C l e a n  A i r  A c t s  o f  1 9 5 6  a n d  1 9 6 8  
t o  e s t a b l i s h  s m o k e  c o n t r o l  a r e a s  o r  " s m o k e l e s s  z o n e s " .  T h e  R o y a l  C o m m i s s i o n  
o n  E n v i r o n m e n t a l  P o l l u t i o n  ( F l o w e r s ,  1 9 7 6 )  h a v e  r e c o m m e n d e d  t h e  s u b s u m p t i o n  
o f  t h e  A l k a l i  I n s p e c t o r a t e  i n t o  a  u n i f i e d  p o l l u t i o n  i n s p e c t o r a t e  n a m e d  
H e r  M a j e s t y ’ s  P o l l u t i o n  I n s p e c t o r a t e  ( H M P I ) . A  d i s c u s s i o n  o f  t h e  
f i n d i n g s  o f  t h e  C o m m i s s i o n  c a n  b e  f o u n d  i n  F l o w e r s  ( 1 9 7 6 )  a n d  A d a m s  ( 1 9 7 7 ) .
1 . 1 . 5  U . S . A .  r e c o m m e n d a t i o n s
I n  c o n t r a s t  t o  t h e  b . p . m .  a p p r o a c h  o f  t h e  A l k a l i  I n s p e c t o r a t e ,  t h e  
U . S . A .  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y  ( E . P . A . )  a r e  r e q u i r e d  b y  l a w  t o  
e s t a b l i s h  a m b i e n t  A i r  Q u a l i t y  s t a n d a r d s .  T h e  f i r s t  o f  t h e s e  s t a n d a r d s  w e r e  
p u b l i s h e d  i n  1 9 7 1  a s  r e q u i r e d  b y  t h e  U n i t e d  S t a t e s  C l e a n  A i r  A c t  ( 1 9 6 3  a n d  
a m e n d m e n t s ) .  T h e  U . S .  a i r  q u a l i t y  s t a n d a r d  f o r  l e a d  i s  d u e  t o  b e  s e t  i n  
1 9 7 8  a t  1 . 5  p g . m " ’ 3 ( m o n t h l y  a v e r a g e )  t o  b e  a t t a i n e d  b y  1 9 8 2  ( E P A ,  1 9 7 7 ) .
1 . 2  P a r t i c l e  S i z e  D i s t r i b u t i o n s
1 . 2 . 1  P a r t i c l e  d i a m e t e r s
I n  g e n e r a l ,  a n y  i n d i v i d u a l  m e m b e r  o f  a n  a e r o s o l  s a m p l e  m a y  b e  
c l a s s i f i e d  i n  t e r m s  o f  i t s  r e l a t i v e  d i m e n s i o n s  a l o n g  t h r e e  p e r p e n d i c u l a r  
a x e s  ( F u c h s ,  1 9 6 4 ) .  T h e s e  c l a s s e s  a r e  a s  f o l l o w s :
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1 )  I s o m e t r i c  p a r t i c l e s  -  t h e s e  p a r t i c l e s  h a v e  a l l  t h r e e  d i m e n s i o n s  
a p p r o x i m a t e l y  t h e  s a m e  i . e .  m i s t s ,  p o l y h e d r a l  c r y s t a l s .
2 )  P a r t i c l e s  w i t h  o n e  d i m e n s i o n  m u c h  s m a l l e r  t h a n  t h e  o t h e r  t w o  i . e .  
p l a t e l e t s  a n d  s c a l e s .
3 )  P a r t i c l e s  w i t h  o n e  d i m e n s i o n  m u c h  l a r g e r  t h a n  t h e  o t h e r  t w o  i . e .  
f i b r e s  a n d  n e e d l e s .
T h e  e x i s t e n c e  o f  s u c h  n o n s p h e r i c a l  p a r t i c l e s  h a s  m e a n t  t h a t  a  
n u m b e r  o f  d e f i n i t i o n s  o f  p a r t i c l e  d i a m e t e r  h a v e  a r i s e n .  A n  a c c e p t e d  
d e f i n i t i o n  o f  p a r t i c l e  d i a m e t e r  i s  i m p e r a t i v e  w h e n  d i s c u s s i n g  t h e  
e f f e c t s  o f  p o l l u t a n t  a e r o s o l s  o n  t h e  e n v i r o n m e n t ,  f o r  m a n y  o f  t h e s e  
e f f e c t s  m a y  v a r y  m a r k e d l y  w i t h  p a r t i c l e  d i a m e t e r .  T h e r e  e x i s t  f o u r  
d e f i n i t i o n s  o f  d i a m e t e r  w h i c h  a r e  i n  c o m m o n  u s e  a t  t h e  p r e s e n t  t i m e .
T h r e e  o f  t h e s e  a r e  g e o m e t r i c  d i a m e t e r s ,  a n d  t h e  f o u r t h  a n  a e r o d y n a m i c  
d i a m e t e r .  A l t h o u g h  i t  i s  p o s s i b l e  t o  a l l o c a t e  a  d i a m e t e r  t o  a  s i n g l e  
p a r t i c l e ,  q u a n t i t a t i v e  s i g n i f i c a n c e  c a n  o n l y  b e  o b t a i n e d  w h e n  t h i s  
d i a m e t e r  i s  a v e r a g e d  o v e r  a  l a r g e  n u m b e r  o f  p a r t i c l e s  t a k e n  f r o m  t h e  
s a m p l e  o f  i n t e r e s t  ( M e r c e r ,  1 9 7 3 ) .  F o r  m o s t  p u r p o s e s ,  a  r e p r e s e n t a t i v e  
s a m p l e  f o r  o b t a i n i n g  a  m e a n  d i a m e t e r  m a y  b e  t a k e n  a s  2 0 0  p a r t i c l e s  
( S t e r n ,  1 9 7 6 ) ,  a n d  f o r  t h i s  r e a s o n  t h e s e  d i a m e t e r s  a r e  o f t e n  c a l l e d  
s t a t i s t i c a l  d i a m e t e r s .
A n y  d e t e r m i n a t i o n  o f  a  g e o m e t r i c a l  d i a m e t e r  a s s u m e s  t h a t  t h e  m e t h o d  
u s e d  t o  o b t a i n  t h e  s a m p l e  ( a )  s h o w s  n o  b i a s  t o w a r d s  t h e  p r e f e r e n t i a l  s a m p l i n g  
o f  a  p a r t i c u l a r  s i z e  o f  p a r t i c l e ,  a n d  ( b )  d o e s  n o t  p r e f e r e n t i a l l y  o r i e n t  
t h e  s a m p l e  a l o n g  a n y  p a r t i c u l a r  d i a m e t e r .  S o m e  a e r o s o l  s a m p l e r ,  i f  n o t  
o p e r a t e d  c o r r e c t l y ,  m a y  i n t r o d u c e  s u c h  b i a s i n g  e . g .  t h e  c a s c a d e  i m p a c t o r  
( s e c t i o n  2 . 2 ) .
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H i s t o r i c a l l y ,  t h e  f i r s t  o f  t h e  d i a m e t e r s  t o  b e  d e f i n e d  w a s  
M a r t i n ' s  d i a m e t e r  ( D  ) .  T h i s  m a y  b e  d e f i n e d  a s  t h e  l e n g t h  o f  a  c h o r d  
l y i n g  i n  a  p l a n e  a n d  p a r a l l e l  t o  a  g i v e n  . r e f e r e n c e  l i n e  w h i c h  d i v i d e s  
t h e  a r e a  o f  t h e  p r o j e c t i o n  o f  t h e  p a r t i c l e  o n  t o  t h e  p l a n e  i n t o  t w o  
e q u a l  a r e a s  ( F i g .  1 . 2 ( a ) ) .  T h e  s e c o n d  d i a m e t e r ,  F e r e t ' s  d i a m e t e r  ( D ^ ) , 
i s  d e f i n e d  a s  t h e  p r o j e c t i o n  o f  a  p a r t i c l e  o n t o  a  f i x e d  r e f e r e n c e  l i n e  
( F i g .  1 . 2 ( b ) ) .  T h e  p r o j e c t e d  a r e a  d i a m e t e r  ( D ^ )  i s  d e f i n e d  a s  t h e  
d i a m e t e r  o f  a  c i r c l e  h a v i n g  t h e  s a m e  a r e a  a s  t h e  s i l h o u e t t e  o f  t h e  
p a r t i c l e  ( F i g .  1 . 2 ( c ) ) .  B o t h  a n d  D a r e  u s e d  e x t e n s i v e l y  f o r  p a r t i c l e
ir
c o u n t i n g  u n d e r  o p t i c a l  m i c r o s c o p e s  a s  d i r e c t  r e a d i n g s  m a y  b e  o b t a i n e d  
f r o m  c o m m e r c i a l  r u l e d  g r a t i n g s  ( M a y ,  1 9 6 5 )  . F o r  a  g i v e n  p a r t i c l e  
d i s t r i b u t i o n ,  g e n e r a l l y  Dm < Dp  < D f  ( W e s t ,  1 9 5 9 ) .  T h e  f o u r t h  d e t e r m i n a t i o n  
o f  p a r t i c l e  d i a m e t e r  i s  t h e  a e r o d y n a m i c ,  o r  S t o k e s ' ,  d i a m e t e r  ( D  ) .  T h i s
ct
i s  t h e  d i a m e t e r  o f  a  s p h e r i c a l  p a r t i c l e  o f  t h e  s a m e  d e n s i t y  a s  t h e  p a r t i c l e  
o f  i n t e r e s t  a n d  w h i c h  h a s  t h e  s a m e  s e t t l i n g  v e l o c i t y .  T h e  s e t t l i n g  v e l o c i t y  
o f  a  p a r t i c l e  i n  f r e e - f a l l  i s  p r o p o r t i o n a l  t o  t h e  p r o j . e c t e d  a r e a  o f  t h e  
p a r t i c l e  a n d  s o  t h e  p r o j e c t e d  a r e a  d i a m e t e r  a n d  t h e  a e r o d y n a m i c  d i a m e t e r  
a r e  a p p r o x i m a t e l y  e q u i v a l e n t .
1 . 2 . 2  P a r t i c l e  c h a r a c t e r i s t i c s
I n  m a n y  i n s t a n c e s - ,  a n  e x a m i n a t i o n  o f  t h e  s h a p e  a n d  s i z e  o f  s i n g l e  
a e r o s o l  p a r t i c l e s  c a n  i n f e r  m u c h  a b o u t  t h e  s o u r c e  o f  t h e  p a r t i c l e .  B o t h  
o p t i c a l  m i c r o s c o p y  ( p a r t i c l e  d i a m e t e r  >  1  pm ) a n d  e l e c t r o n  m i c r o s c o p y  
( p a r t i c l e  d i a m e t e r  >  5 n m )  i s  u s e d  f o r  t h i s  t y p e  o f  a n a l y s i s ,  o f t e n  t e r m e d  
m o r p h o l o g i c a l  a n a l y s i s  m i c r o s c o p y  ( S t e r n ,  1 9 7 6 ) .  T h e  u s e  o f  a n  e l e c t r o n  
m i c r o s c o p e ,  h o w e v e r ,  i n v o l v e s  t h e  a e r o s o l  s a m p l e  b e i n g  k e p t  u n d e r  v a c u u m .  
T h i s  i n  t u r n  m a y  r e s u l t  i n  t h e  m o r e  v o l a t i l e  c o m p o n e n t s  o f  t h e  s a m p l e  
b e i n g  e v a p o r a t e d .
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S p h e r i c a l  p a r t i c l e s  m a y  b e  f o r m e d  a s  a  r e s u l t  o f  t h e  c o n d e n s a t i o n  
o f  l i q u i d s  f r o m  a  h o t  s o u r c e  s u c h  a s  i n d u s t r i a l  o r  d o m e s t i c  c h i m n e y s  
o r  c a r  e x h a u s t s .  T h e y  a r e  a l s o  p r e s e n t  i n  f l y - a s h  d e p o s i t s  f r o m  p o w e r  
s t a t i o n  c h i m n e y s  ( R a a s k ,  1 9 6 8 ,  1 9 6 9 )  a n d  i n  s o m e  n a t u r a l  c l a y s .  T h e  
c o m b i n a t i o n ,  w h i l s t  a i r b o r n e ,  o f  h o t  p a r t i c l e s  c a n  r e s u l t  i n  a g g l o m e r a t e  
p a r t i c l e s  c a l l e d  f l o e s  w h i c h  h a v e  a  c h a i n - l i l c e  a p p e a r a n c e .  T h e s e  f l o e s  
a r e  o f t e n  f o r m e d  d u r i n g  i n c o m p l e t e  c o m b u s t i o n  p r o c e s s e s  a n d  m a y  c o n t a i n  
a  h i g h  p r o p o r t i o n  o f  c a r b o n a c e o u s  m a t e r i a l .  T h e  e v a p o r a t i o n  o f  s p r a y -  
d r o p l e t s  f r o m  r i v e r s  o r  o c e a n s  ( s e c t i o n  1 . 3 )  m a y  r e s u l t  i n  t h e  
r e c r y s t a l i z a t i o n  o f  d i s s o l v e d  s a l t s .  I f  t h e s e  p a r t i c l e s  a r e  s m a l l  t h e y  
m a y  s t a y  a i r b o r n e  l o n g  e n o u g h  t o  b e  t r a s p o r t e d  m a n y  m i l e s .  E l e c t r o n  
m i c r o g r a p h s  o f  s a m p l e s  o b t a i n e d  w i t h  a  c a s c a d e  i m p a c t o r  d u r i n g  t h e  
p r e s e n t  s t u d i e s  a r e  s h o w n  i n  F i g .  ( 1 . 3 )  a n d  t h i s  i l l u s t r a t e s  t h e  v a r i o u s  
c l a s s e s  o f  p a r t i c l e  s h a p e .  T h e  P a r t i c l e  A t l a s  ( M c C r o n e ,  1 9 7 3 )  i s  t h e  
d e f i n i t i v e  w o r k  o n  m o r p h o l o g i c a l  a n a l y s i s  o f  a e r o s o l  s a m p l e s .
1 . 2 . 3  T h e  J u n g e  d i s t r i b u t i o n
T h e  t r o p o s p h e r i c  u r b a n  a e r o s o l  h a s  a  s i z e  s p e c t r u m  w h i c h  e x t e n d s  o v e r  
f o u r  o r d e r s  o f  m a g n i t u d e ,  f r o m  1 0 “ 3 ym  t o  1 0  ym  ( J u n g e ,  1 9 7 0 ) .  W h e n  
c o n s i d e r i n g  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t h e  a t m o s p h e r e ,  i t  i s  c o n v e n i e n t  
t o  s u b d i v i d e  t h e  p a r t i c l e  r a d i u s  s p e c t r u m  i n t o  t h r e e  g r o u p s
1 )  A i t k e n  N u c l e i  : r a d i u s  < 0 . 1  ym
2 )  L a r g e  p a r t i c l e s  : 0 . 1  y m  <  r a d i u s  < 1 y m
3 )  G i a n t  p a r t i c l e s  : r a d i u s  > 1  y m
T h e  d i s t r i b u t i o n  o f  p a r t i c l e s  a s  a  f u n c t i o n  o f  r a d i u s  m a y  b e  e x p r e s s e d  
n s  a  n u m b e r ,  s u r f a c e  a r e a  o r  v o l u m e  d i s t r i b u t i o n .  T h e  r a d i u s - n u m b e r
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E l e c t r o n  m i c r o g r a p h  o f  a e r o s o l  p a r t i c l e s  c o l l e c t e d  a t  G u i l d f o r d
u s i n g  a  M a y  i m p a c t o r
F i g  1 . 3
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d i s t r i b u t i o n  s h o w s  a  m a r k e d  p e a k  i n  t h e  A i t k e n  r a n g e ,  w h i l s t  t h e  r a d i u s -  
s u r f a c e  d i s t r i b u t i o n  p e a k s  i n  t h e  l a r g e - p a r t i c l e  r a n g e  a n d  t h e  r a d i u s -  
v o l u m e  d i s t r i b u t i o n  i s  b i m o d a l  i n  t h e  l a r g e  a n d  g i a n t  p a r t i c l e  r a n g e s  
( S e i n f e l d ,  1 9 7 5 )  . T h e  b i m o d a l  r a d i u s - v o l u m e  d i s t r i b u t i o n  i s  d u e  t o  t w o  
c o n t r i b u t i n g  p r o d u c t i o n  m e c h a n i s m s ;  t h e  f i n e  p a r t i c l e s  a r e  p r o d u c e d  f r o m  
v a p o u r  c o n d e n s a t i o n  w h i l s t  t h e  c o a r s e r  p a r t i c l e s  a r e  d u e  t o  d u s t ,  f l y - a s h  
a n d  m e c h a n i c a l l y  g e n e r a t e d  a e r o s o l s  ( s e c t i o n  1 . 2 ) .  T h e  p r e s e n c e  o f  a  
l a r g e  n u m b e r  o f  s m a l l  p a r t i c l e s  i n  t h e  u r b a n  a e r o s o l  d o e s  n o t  h a v e  a  
g r e a t  i n f l u e n c e  o n  t h e  r a d i u s - s u r f a c e  a n d  r a d i u s - v o l u m e  d i s t r i b u t i o n s  a s  
t h e s e  a r e  p r o p o r t i o n a l  t o  ( r a d i u s ) 2 a n d  ( r a d i u s ) 3 r e s p e c t i v e l y ,  i . e .  t h e  
l a r g e  n u m b e r  o f  s m a l l  p a r t i c l e s  d o  n o t  c o n t r i b u t e  m u c h  s u r f a c e - a r e a  o r  
v o l u m e  t o  t h e  d i s t r i b u t i o n  c o m p a r e d  t o  t h e  s m a l l e r  n u m b e r  o f  l a r g e r  
p a r t i c l e s  ( J u n g e ,  1 9 7 0 ) .  F i g .  ( 1 . 4 )  s h o w s  a  t y p i c a l  u r b a n  a e r o s o l  d i s t r i ­
b u t i o n  b y  n u m b e r ,  s u r f a c e  a n d  v o l u m e .
B e c a u s e  o f  t h e  n u m b e r  o f  o r d e r s  o f  m a g n i t u d e  s p a n n e d  b y  a e r o s o l  
r a d i i ,  i t  i s  u s u a l  t o  e x p r e s s  t h e  r a d i u s - n u m b e r  a s  a  l o g  r a d i u s - n u m b e r  
d i s t r i b u t i o n .  I f  t h e  t o t a l  c o n c e n t r a t i o n  o f  a e r o s o l  p a r t i c l e s  o f  r a d i u s  
l e s s  t h a n  r  i s  N ^ ,  t h e  l o g  r a d i u s - n u m b e r  d i s t r i b u t i o n ,  n ( r ) , i s  d e f i n e d  a s
T h e  c o r r e s p o n d i n g  l o g  r a d i u s - s u r f a c e  a n d  l o g  r a d i u s - v o l u m e  d i s t r i b u t i o n s  
a r e  t h u s
n(r) ■ duffho
1.1
S(r) = 4,rr2 d("lo'g r)
d N
r
1.2
d ( l o g  r )
1 . 3
A  d e t a i l e d  t h e o r e t i c a l  t r e a t m e n t  o f  l o g a r i t h m i c  d i s t r i b u t i o n s  a s  a p p l i e d
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P A R T I C L E  D IA M E T E R  (  p m  )
T h e  a t m o s p h e r i c  a e r o s o l  n u m b e r ,  s u r f a c e  a r e a  a n d  v o l u m e
d i s t r i b u t i o n s
Fig 1.4
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t o  a e r o s o l s  i s  g i v e n  b y  M e r c e r  ( 1 9 7 3 ) .  F o r  l a r g e  a n d  g i a n t  p a r t i c l e s ,  
t h e  d i s t r i b u t i o n  n ( r )  h a s  b e e n  f o u n d  t o  b e  w e l l  r e p r e s e n t e d  b y  a  
f u n c t i o n  o f  t h e  f o r m :
d N r  - B
■j1 / -i \ — c . r  1 * 4
d ( l o g  r )
( J u n g e ,  1 9 7 0 ,  1 9 5 5 )  ( L e e ,  1 9 7 2 )  w h e r e  c  i s  a  c o n s t a n t  d e p e n d i n g  o n  
s a m p l i n g  l o c a l i t y  a n d  3 ^ 3  i n c r e a s i n g  t o  3 % 5 f o r  u p p e r  t r o p o s p h e r i c  
a i r  ( S t e r n ,  1 9 7 6 )  ( M e s z a r o s ,  1 9 7 7 ) .
1 . 3  S o u r c e s  a n d  S i n k s
1 . 3 . 1  T h e  n a t u r a l  a e r o s o l
A b o u t  90% o f  t h e  G l o b a l  t r o p o s p h e r e  a e r o s o l  m a s s  o r i g i n a t e s  f r o m  
n a t u r a l  s o u r c e s ,  t h e  o t h e r  10% b e i n g  p u r e l y  a n t h r o p o g e n i c .  S u c h  r a t i o s  
d o  n o t  h o l d ,  h o w e v e r ,  o n  a  l o c a l  s c a l e  w h e r e  t h e  p a r t i c u l a t e  c o n t r i b u t i o n  
f r o m  h u m a n  a c t i v i t y  m a y  e x c e e d  t h a t  f r o m  t h e  n a t u r a l  b a c k g r o u n d .  O f  t h e  
p r i m a r y  n a t u r a l  s o u r c e s ,  t h e  m a j o r  s o u r c e  o f  p a r t i c u l a t e  m a t t e r  i s  o c e a n i c .
T h e  b u r s t i n g  o f  a i r  b u b b l e s  a t  t h e  o c e a n  s u r f a c e  p r o d u c e s  u p  t o  ^  1 0  
d r o p l e t s  w h i c h  m a y  b e  e j e c t e d  15  cm  a b o v e  t h e  l i q u i d  s u r f a c e  ( K i e n t z l e r ,  
1 9 5 4 ) .  T h e  s i z e  o f  d r o p l e t  p r o d u c e d  i s  a b o u t  o n e - t e n t h  o f  t h e  o r i g i n a l  
b u b b l e  s i z e .  T h e  s u b s e q u e n t  e v a p o r a t i o n  o f  t h e  d r o p l e t s  r e d u c e s  t h e  s i z e  
o f  t h e  s e a - s a l t  p a r t i c l e s  p r o d u c e d  b y  a  f a c t o r  o f  ^  3 ,  r e s u l t i n g  i n  a e r o s o l  
p a r t i c l e s  w i t h  a  l o w e r  d i a m e t e r  l i m i t  o f  a b o u t  1 ym  ( G r e e n  a n d  L a n e ,  1 9 6 4 ) .  
S e i n f e l d  ( 1 9 7 5 )  e s t i m a t e s  t h e  t o t a l  a e r o s o l  p r o d u c e d  b y  s e a - s p r a y  e v a p o r a t i o n  
t o  b e  a r o u n d  1 0 12 K g  p e r  y e a r .  T h e  s e c o n d  l a r g e s t  s o u r c e  o f  n a t u r a l  a e r o s o l  
i s  f r o m  t h e  w i n d  e r o s i o n  o f  s o i l s  e t c .  T h i s  c o n t r i b u t e s  a b o u t  1 0 11 K g  p e r  
y e a r  o f  p a r t i c l e s  w i t h  d i a m e t e r s  g r e a t e r  t h a n  0 . 1  y m .  I t  i s  f r o m  t h e s e  
p a r t i c l e s  t h a t  t h e  n a t u r a l  b a c k g r o u n d  o f  t r a c e  e l e m e n t s  i s  d e r i v e d ,  n a m e l y
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A l ,  S i ,  S c ,  C r ,  M n ,  F e ,  C o ,  C e ,  S m ,  T h  ( V a l k o v i c ,  1 9 7 5 ) .  T h e  p r e s e n c e  
i n  t h e  a t m o s p h e r i c  a e r o s o l  o f  t h e  s o i l - d e r i v e d  e l e m e n t s  A l ,  S c  a n d  F e  
a l l o w s  s o m e  m e a s u r e  o f  e n r i c h m e n t  t o  b e  m a d e ;  t h e  e n r i c h m e n t  f a c t o r ,  E ^ ,  
o f  a n  e l e m e n t ,  x ,  i n  a n  a e r o s o l  s a m p l e  w i t h  r e s p e c t  t o  o n e  o f  t h e  t h r e e  
s o i l - d e r i v e d  e l e m e n t s ,  y ,  i s  d e f i n e d  a s :
E  =  ( c o n c e n t r a t i o n  o f  x  i n  a e r o s o l )  ( c o n c e n t r a t i o n  o f  x  i n  s o i l )  
f  ( c o n c e n t r a t i o n  o f  y  i n  a e r o s o l )  '  ( c o n c e n t r a t i o n  o f  y  i n  s o i l )
1 . 5
O t h e r  c o n t r i b u t i o n s  t o  t h e  p r i m a r y  n a t u r a l  a e r o s o l  i n c l u d e  f o r e s t  
o r  g r a s s  f i r e s ,  p o l l e n  e m i s s i o n  a n d  v o l c a n o e s .  V o l c a n i c  r e l e a s e s  i n  
p a r t i c u l a r  m a y  d e p o s i t  a b o u t  1 0 9 K g  p e r  y e a r  o f  p a r t i c u l a t e  m a t t e r  i n t o  
t h e  a t m o s p h e r e ,  m u c h  o f  w h i c h  w i l l  p e n e t r a t e  d i r e c t l y  i n t o  t h e  s t r a t o s p h e r e  
w h e r e  i t s  l o n g  r e s i d e n c e  t i m e  m a y  e f f e c t  l o c a l  r a d i a t i o n  b a l a n c e  ( L a m b ,
1 9 7 0 ) .  A l l  o f  t h e s e  p r i m a r y  s o u r c e s  c o n t r i b u t e  t o  t h e  n a t u r a l  a e r o s o l  
m a i n l y  i n  t h e  p a r t i c l e  s i z e  r a n g e  a b o v e  0 . 1  y m .  T h e  m a j o r i t y  o f  t h e  
n a t u r a l  a e r o s o l  b e l o w  0 . 1  y m ,  i . e .  t h e  n a t u r a l  A i t k e n  n u c l e i  c o m p o n e n t ,  
i s  p r o d u c e d  v i a  s e c o n d a r y  s o u r c e s  i n v o l v i n g  g a s - p a r t i c l e  c h e m i c a l  c o n v e r s i o n s .  
V e g e t a t i o n  n a t u r a l l y  p r o d u c e s  g a s e o u s  h y d r o c a r b o n s  c a l l e d  t e r p e n e s ,  t h e s e  
g a s e s  r e a d i l y  u n d e r g o  p h o t o c h e m i c a l  r e a c t i o n s  i n  s t r o n g  s u n l i g h t  t o  p r o d u c e  
p a r t i c l e s  w i t h  a n  u p p e r  d i a m e t e r  o f  0 . 1  y m .  T h e  o x i d a t i o n  o f  h y d r o g e n  
s u l p h i d e  a n d  s u l p h u r  d i o x i d e  i n  t h e  c o u r s e  o f  t h e  s u l p h u r  c y c l e  p r o d u c e s  
p a r t i c u l a t e  s u l p h a t e s ,  w h i l s t  p a r t i c u l a t e  n i t r a t e s  m a y  b e  f o r m e d  f r o m  t h e  
g a s - p a r t i c l e  c o n v e r s i o n  o f  a m m o n i a  a n d  n i t r o u s  o x i d e s  d u r i n g  t h e  n i t r o g e n  
c y c l e .
1 . 3 . 2  T h e  u r b a n  a e r o s o l
A n t r o p o g e n i c  s o u r c e s  o f  p o l l u t i o n  a r e  o f t e n  c l a s s i f i e d  i n t o  t h r e e  
b r o a d  g r o u p s ,  n a m e l y ,  t r a n s p o r t ,  i n d u s t r i a l  a n d  d o m e s t i c .  W h i l s t  t r a n s p o r t  
c o n t r i b u t e s  a b o u t  f o u r  t i m e s  t h e  m a s s  o f  o v e r a l l  a t m o s p h e r i c  p o l l u t i o n
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c o m p a r e d  w i t h  i n d u s t r y ,  i t  c o n t r i b u t e s  o n l y  a b o u t  o n e - s i x t h  o f  t h e  
i n d u s t r i a l  o u t p u t  w h e n  c o n s i d e r i n g  o n l y  t h e  p a r t i c u l a t e  c o m p o n e n t  
( H e s k e t h ,  1 9 7 2 ) .  C o m p a r a b l e  s i g n i f i c a n c e  i s  a t t a c h e d  h o w e v e r  t o  t h e  
a e r o s o l  c o m p o n e n t  p r o d u c e d  b y  i n t e r n a l  c o m b u s t i o n  e n g i n e s  f o r  t w o  
r e a s o n s :
1 )  T h e  a d d i t i o n  o f  l e a d  t e t r a e t h y l  a n d  e t h y l e n e  h a l i d e s  t o  r e d u c e  t h e  
t e n d e n c y  o f  a u t o i g n i t i o n  i n  t h e  a i r / f u e l  m i x t u r e  r e s u l t s  i n  t h e  e m i s s i o n  
o f  l e a d  h a l i d e s ,  p a r t i c u l a r l y  ( P b  B r  C l )  ( S e i n f e l d ,  1 9 7 5 )  ( V a l k o v i c ,  1 9 7 5 ) .
2 )  P e t r o l  e n g i n e s  r e s u l t  i n  t h e  e m i s s i o n  o f  c a r c i n o g e n s  i n  t h e  f o r m  o f  
c o m p l e x  p o l y c y c l i c  h y d r o c a r b o n s ,  p a r t i c u l a r l y  B a n z o ( a ) - p y r e n e ,  i n  h i g h  
c o n c e n t r a t i o n s  ( L e d b e t t e r ,  1 9 7 2 ) .
A  t y p i c a l  c a r  e m i t s  a b o u t  10%  o f  t h e  a v a i l a b l e  l e a d  a t  2 0  M PH  a n d  
a b o u t  90% a t  70  M P H ,  t h e  r e s t  b e i n g  d e p o s i t e d  i n  t h e  e n g i n e  a n d  e x h a u s t  
s y s t e m .  A b o u t  50%  o f  t h e  e m i s s i o n  i s  a s s o c i a t e d  w i t h  p a r t i c l e s  l e s s  t h a n  
5  ym i n  d i a m e t e r  a n d  25% w i t h  p a r t i c l e s  l e s s  t h a n  1 y m  i n  d i a m e t e r  ( H a b i b i ,  
1 9 7 3 ) .
T h e  m a j o r  s o u r c e  o f  p a r t i c u l a t e  p o l l u t i o n  w i t h i n  t h e  d o m e s t i c  a n d  
i n d u s t r i a l  e n v i r o n m e n t  i s  d u e  t o  c o m b u s t i o n  p r o c e s s e s .  T h e s e  e m i s s i o n s  m a y  
b e  t e r m e d  " f l y - a s h "  a n d  r e p r e s e n t  t h e  i n c o m b u s t i b l e  c o m p o n e n t  o f  t h e  f u e l  
b e i n g  u s e d ,  a n d  u s u a l l y  c o m p r i s e  c a r b o n  a n d  t h e  o x i d e s  o f  a  l a r g e  n u m b e r  
o f  i n o r g a n i c  e l e m e n t s .
' 1 » 3 . 3  W a s h o u t  a n d  r a i n o u t
T h e  m o s t  e f f e c t i v e  n a t u r a l  m e a n s  b y  w h i c h  t h e  t r o p o s p h e r i c  a e r o s o l  
i s  r e m o v e d  i s  b y  t h e  i n c o r p o r a t i o n  o f  t h e  a e r o s o l  i n t o  w a t e r  d r o p l e t s .
T h i s  i s  a c h i e v e d  b y  t w o  c o m p l e m e n t a r y  p r o c e s s e s  c a l l e d  w a s h o u t  a n d  r a i n o u t .
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R a i n o u t  o c c u r s  w i t h i n  t h e  v o l u m e  o f  a  c l o u d ;  l a r g e  a n d  g i a n t  a e r o s o l  
p a r t i c l e s  a c t  a s  c o n d e n s a t i o n  n u c l e i  f o r  t h e  f o r m a t i o n  o f  r a i n .  W h e n  
f o r m e d ,  s u c h  a  d r o p l e t  m a y  t h e n  a c t  a s  a  s i n k  f o r  s m a l l e r  A i t k . e n  
p a r t i c l e s  w h i c h ,  a l t h o u g h  t h e y  d o  n o t  a c t  a s  c o n d e n s a t i o n  n u c l e i ,  m a y  
a t t a c h  t h e m s e l v e s  t o  a l r e a d y - f o r m e d  d r o p l e t s  b y  B r o w n i a n  d i f f u s i o n .
A f t e r  l e a v i n g  t h e  c l o u d  a n d  e n t e r i n g  t h e  s u b - c l o u d  l a y e r ,  f u r t h e r  a e r o s o l  
p a r t i c l e s  m a y  b e  r e m o v e d  b y  d i r e c t  i n t e r c e p t i o n  b y  t h e  f a l l i n g  d r o p l e t .  
T h i s  s e c o n d  p r o c e s s  i s  n a m e d  w a s h o u t .  I f  s u c h  p r o c e s s e s  w e r e  t h e  o n l y  
a e r o s o l  s c a v e n g i n g  m e c h a n i s m s ,  t h e  a v e r a g e  r e s i d e n c e  t i m e  f o r  a e r o s o l s  
i n  t h e  t r o p o s p h e r e  w o u l d  b e  a b o u t  4 0  h o u r s  i n  W i n t e r  a n d  9 0  h o u r s  i n  . 
S u m m e r  ( B o l i n ,  1 9 7 3 ) .  T h e  e f f i c i e n c y  o f  r a i n o u t  h a s  b e e n  f o u n d  t o  b e  a  
f u n c t i o n  o f  a e r o s o l  d i a m e t e r ;  c o n d e n s a t i o n  a n d  r a i n o u t  i s  m o s t  e f f i c i e n t  
f o r  p a r t i c l e s  o f  d i a m e t e r  g r e a t e r  t h a n  0 . 5  ym w h i l s t  B r o w n i a n  a t t a c h m e n t  
i s  m o s t  e f f i c i e n t  f o r  p a r t i c l e s  o f  l e s s  t h a n  0 . 0 5  y m .  T h e  r e g i o n  a r o u n d
0 . 1  ym  r e p r e s e n t s  a  m i n i m u m  i n  r a i n o u t  e f f i c i e n c y  ( J u n g e ,  1 9 7 0 ) .  A  
s i m p l i f i e d  m o d e l  o f  p r e c i p i t a t i o n  s c a v e n g i n g  h a s  b e e n  g i v e n  b y  M a k h o n ’ k o  
( 1 9 6 5 )  w h i c h  p r e d i c t s  r e s u l t i n g  r a i n  c o n t a m i n a t i o n  i n  g o o d  a g r e e m e n t  w i t h  
o b s e r v e d  l e v e l s  ( A n d e r s s o n ,  1 9 6 9 )  .
1 . 3 . 4  C o a g u l a t i o n  a n d  s e d i m e n t a t i o n
T h e  r a d i u s - n u m b e r  d i s t r i b u t i o n  o f  p a r t i c l e s  i n  t h e  t r o p o s p h e r e  i s  i n  
a  s t a t e  o f  d y n a m i c  e q u i l i b r i u m .  T h e  u p p e r  s i z e  l i m i t  o f  t h e  d i s t r i b u t i o n  
i s  c o n t r o l l e d  g e n e r a l l y  b y  g r a v i t a t i o n a l  s e d i m e n t a t i o n ,  a n d  l i m i t e d  t o  a  
v a l u e  o f  a r o u n d  2 0  y m .  P a r t i c l e s  m u c h  l a r g e r  t h a n  t h i s ,  a l t h o u g h  t h e y  m a y  
e x i s t  a t  s o m e  t i m e  h a v e  a  v e r y  s h o r t  r e s i d e n c e  t i m e  b e f o r e  b e i n g  d e p o s i t e d  
b y  g r a v i t a t i o n a l  s e t t l i n g  c l o s e  t o  t h e i r  s o u r c e .  T h e  l o w  e n d  o f  t h e  
p a r t i c l e  s i z e  s p e c t r u m  i s  g o v e r n e d  b y  c o a g u l a t i o n .  T h e  e f f e c t  o f
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g r a v i t a t i o n a l  s e t t l i n g  o n  p a r t i c l e s  o f  l e s s  t h a n  1 ym d i a m e t e r  i s  
n e g l i g i b l e  c o m p a r e d  w i t h  t h e  a b i l i t y  o f  e d d y  d i f f u s i o n  t o  k e e p  t h e m  
b u o y a n t ,  h o w e v e r  e d d y  d i f f u s i o n  a n d  B r o w n i a n  m o t i o n  r e s u l t  i n  t h e  
c o l l i s i o n  a n d  r e s u l t i n g  c o a g u l a t i o n  o f  t h e  s m a l l  p a r t i c l e s  t o  f o r m  
l a r g e r  p a r t i c l e s .  T h i s  p r o c e s s  m a y  c o n t i n u e  u n t i l  t h e  u p p e r  l i m i t  i s  
o b t a i n e d  w h e r e  s e d i m e n t a t i o n  r e s u l t s  i n  t h e  d e p o s i t i o n  o f  t h e  p a r t i c l e .  
T h e  c o n t i n u a l  c o a g u l a t i o n  a n d  s e d i m e n t a t i o n  c y c l e  d e s c r i b e d  i s  t h e  
d o m i n a n t  r e a s o n  w h y  t h e  J u n g e  p a r t i c l e  s i z e  d i s t r i b u t i o n  ( s e c t i o n  1 . 2 . 3 )  
r e p r e s e n t s  a  s t e a d y  s t a t e  d i s t r i b u t i o n  ( J u n g e ,  1 9 7 0 ) .  I t  a l s o  i m p l i e s  
t h a t  t r a c e  e l e m e n t s  p r e s e n t  i n  A i t k e n  n u c l e i  s h o u l d  a l s o  b e  f o u n d  i n  
l a r g e  a n d  g i a n t  p a r t i c l e s .  T h e  t h e o r y  o f  c o a g u l a t i o n  o f  s m a l l  p a r t i c l e s  
i s  t r e a t e d  i n  g r e a t  d e p t h  b y  F u c h s  ( 1 9 6 4 ) .
S m o l u c h o w i s k i  ( 1 9 1 7 )  h a s  s h o w n  t h a t  f o r  a  m o n o d i s p e r s e  a e r o s o l ,  t h e  
r a t e  a t  w h i c h  t h e  n u m b e r  o f  p a r t i c l e s  p e r  u n i t  v o l u m e  ( n )  d e c r e a s e s  w i t h  
t i m e  d u e  t o  c o a g u l a t i o n  i s  g i v e n  b y
w h e r e  I<c  i s  a  c o a g u l a t i o n  c o e f f i c i e n t  g i v e n  b y
K  -  ^  . K  
c  3ri s
k  =  B o l t z m a n n  c o n s t n a t
T  =  a b s o l u t e  t e m p e r a t u r e
ri =  v i s c o s i t y  o f  a i r
I Q  =  C u n n i n g h a m  s l i p  c o r r e c t i o n
= 1 + 1.7.
s
X 
d
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X =  m e a n  f r e e  p a t h  o f  a i r  m o l e c u l e s  
d  =  d i a m e t e r  o f  m o n o d i s p e r s e  p a r t i c l e s .
I n t e g r a t i o n  o f  t h e  c o a g u l a t i o n  r a t e  e q u a t i o n  y i e l d s  t h e  r e s u l t  f o r  t h e  
n u m b e r  o f  p a r t i c l e s  p e r  u n i t  v o l u m e  a t  t i m e  t  a s
n ( t )  = n Q [ l  + n 0K c t ] _ 1  1 . 7
T h i s  e x p r e s s i o n  h a s  b e e n  f o u n d  t o  h o l d  w e l l  e v e n  f o r  s y s t e m s  w h e r e  t h e  
d i s t r i b u t i o n  i s  p o l y d i s p e r s e  ( M e r c e r ,  1 9 7 3 ) .  T h e  s e d i m e n t a t i o n  o r  
s e t t l i n g  v e l o c i t y  f o r  a  s y s t e m  o f  m o n o d i s p e r s e  a e r o s o l  p a r t i c l e s  m a y  b e  
o b t a i n e d  b y  e q u a t i n g  t h e  u p w a r d  d r a g  a n d  b u o y a n c y  f o r c e s  o n  a n  i n d i v i d u a l  
p a r t i c l e  t o  t h e  g r a v i t a t i o n a l  f o r c e  a c t i n g  u p o n  i t  ( H e s k e t h ,  1 9 7 2 ) .  T h e  
r e s u l t i n g  e x p r e s s i o n  f o r  t h e  s e d i m e n t a t i o n  v e l o c i t y  i s
d 2 ( p  - P a ) g
vs = — i r s —  1-8
w h e r e  »  p a r t i c l e  d e n s i t y
P a  =  a i r  d e n s i t y
g  =  a c c e l e r a t i o n  d u e  t o  g r a v i t y
q  =  v i s c o s i t y  o f  a i r
d  =  p a r t i c l e  d i a m e t e r .
F o r  s m a l l  p a r t i c l e s ,  t h e  c a l c u l a t e d  v e l o c i t y  m u s t  b e  c o r r e c t e d  b y  t h e  
C u n n i n g h a m  s l i p  c o r r e c t i o n  f a c t o r  ( L e d b e t t e r ,  1 9 7 2 ) .  S e d i m e n t a t i o n  o f  
t h i s  k i n d  i s  t h e  p r i m e  m e t h o d  o f  a e r o s o l  r e m o v a l  f o r  p a r t i c l e s  c o n t a i n e d  
i n  t h e  s t r a t o s p h e r e  a s  a  r e s u l t  o f  e . g .  v o l c a n i c  a c t i o n  ( H u n t e n ,  1 9 7 5 ) .
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A e r o s o l  p a r t i c l e s  w h i c h  e x i s t  i n  t h e  l o w e r  r e g i o n s  o f  t h e  t r o p o ­
s p h e r e  m a y  b e  r e m o v e d  b y  d r y  d e p o s i t i o n  o t h e r  t h a n  c o a g u l a t i o n  a n d  
s e d i m e n t a t i o n .  T h e  p a s s a g e  o f  v o l u m e s  o f  a i r  c o n t a i n i n g  p a r t i c u l a t e s  
t h r o u g h  v e g e t a t i o n  a n d  p a s t  n a t u r a l  o b s t a c l e s  a n d  b u i l d i n g s  o n  t h e  
E a r t h s  s u r f a c e  m a y  r e s u l t  i n  t h e  i n e r t i a l  i m p a c t i o n  o f  t h e  p a r t i c l e s  
o n t o  t h e  s u r f a c e s  o f  l e a v e s  e t c .  D r y  d e p o s i t i o n  b y  i m p a c t i o n  i s  
d i f f i c u l t  t o  q u a n t i s e  a s  t h e  c o l l e c t i o n  e f f i c i e n c y  v a r i e s  g r e a t l y  w i t h  
p a r t i c l e  s i z e  a n d  t h e  s h a p e ,  s i z e  a n d  w e t n e s s  o f  t h e  i m p a c t i o n  s u r f a c e  
( S t e r n ,  1 9 7 6 ) .
1 . 4  M e t e o r o l o g y  a n d  D i s p e r s i o n
1 . 4 . 1  W i n d  d i s p e r s i o n
O n c e  i n  t h e  a t m o s p h e r e ,  t h e  m o t i o n  a n d  c o n c e n t r a t i o n  o f  a i r  p o l l u t a n t s  
i s  g o v e r n e d  b y  m e t e o r o l o g i c a l  f a c t o r s ,  t h e  m o s t  i m p o r t a n t  b e i n g  w i n d  
m o t i o n .  T h e  w i n d  i s  r e s p o n s i b l e  f o r  d i s p e r s i o n  i n  b o t h  h o r i z o n t a l  a n d  
v e r t i c a l  d i r e c t i o n s  a n d ,  i n  g e n e r a l ,  t h e  g r e a t e r  t h e  w i n d  v e l o c i t y  t h e  
g r e a t e r  t h e  r a t e  o f  d i l u t i o n .  D i s p e r s i o n  i s  e f f e c t e d  b y  t w o  p r i m e  
m e c h a n i s m s ;  t h e  f i r s t  i s  b y  t h e  m o v e m e n t  o f  e d d i e  o r  s m a l l  " p a r c e l s "  o f  
a i r  p r o d u c e d  b y  l o c a l  h e a t i n g  o f  t h e  a i r .  T h e  s e c o n d  m e c h a n i s m  i s  t h e  
d i f f e r e n t i a l  m o v e m e n t  o f  r e g i o n s  o f  t h e  a t m o s p h e r e  d u e  t o  t e r r a i n  r o u g h n e s s  
r e s u l t i n g  a g a i n  i n  t h e  p r o d u c t i o n  o f  e d d i e s ( P a n o f s k y ,  1 9 6 9 ) .
T h e  t e r m  e d d y  i s  a p p l i c a b l e  t o  a t m o s p h e r i c  m o t i o n s  b o t h  o n  l o c a l  
a n d  g l o b a l  s c a l e s  ( M u n n ,  1 9 6 6 ) ,  h o w e v e r  e d d y  p r o d u c t i o n  o n  a  l o c a l  s c a l e  
i s  g r e a t l y  i n f l u e n c e d  b y  t e r r a i n  s t r u c t u r e  w h i c h  i s  c h a r a c t e r i s e d  b y  a  
p a r a m e t e r  c a l l e d  t h e  r o u g h n e s s  l e n g t h  w h i c h  m a y  v a r y  b e t w e e n  0 . 1  c m  o v e r  
s m o o t h  t e r r a i n  t o  m a n y  m e t r e s  o v e r  u r b a n  a r e a s .  A  k n o w l e d g e  o f  t h e  
r o u g h n e s s  l e n g t h  o f  a  p a r t i c u l a r  l o c a l i t y  e n a b l e s  s o m e  q u a n t i t a t i v e
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1 . 4 . 2  T h e r m a l  d i s p e r s i o n
T h e  v e r t i c a l  d i f f u s i o n  o f  a i r  v o l u m e s  i s  m u ch  i n f l u e n c e d  b y  t h e  
t r o p o s p h e r i c  t e m p e r a t u r e  g r a d i e n t .  T h i s  t e m p e r a t u r e  g r a d i e n t ,  o r  
l a p s e  r a t e ,  i s  n o r m a l l y  a b o u t  - l ° c / 1 0 0 m  i . e .  a  s t e a d y  d e c r e a s e  i n  
a m b i e n t  t e m p e r a t u r e  w i t h  h e i g h t .  S t r a t a  w h i c h  d i s p l a y  n o  t e m p e r a t u r e  
v a r i a t i o n s  a r e  c a l l e d  i s o t h e r m a l s  a n d  t h o s e  w h i c h  s h o w  a  c h a n g e  i n  
d i r e c t i o n  o f  t e m p e r a t u r e  g r a d i e n t  w i t h  h e i g h t  a r e  c a l l e d  i n v e r s i o n -  
l a y e r s .  T h e  l a p s e  r a t e  a n d  i n v e r s i o n - l a y e r  h e i g h t  p r e d o m i n a n t l y  
c o n t r o l  t h e  d e g r e e  o f  v e r t i c a l  d i f f u s i o n  o f  c o n t a m i n a n t s  r e l e a s e d  t o  
t h e  a t m o s p h e r e .  I f  a  p a r c e l  o f  a i r  i s  r e l e a s e d  n e a r  g r o u n d  l e v e l  a t  
s o m e  t e m p e r a t u r e  T j ,  t h e n  i t  w i l l  c o n t i n u e  t o  r i s e  i f  T ^  i s  g r e a t e r  
t h a n  t h e  a m b i e n t  t e m p e r a t u r e  T ^ .  T h e  d e c r e a s e  i n  a t m o s p h e r i c  p r e s s u r e  
w i t h  h e i g h t  r e s u l t s  h o w e v e r  i n  t h e  a d i a b a t i c  e x p a n s i o n  o f  t h e  a i r  
p a r c e l  t o  a  t e m p e r a t u r e  T ^  < T  . T h e  p a r c e l  o f  a i r  w i l l  c o n t i n u e  t o  
r i s e  a s  l o n g  a s  t h e  t e m p e r a t u r e  T ^  r e m a i n s  a b o v e  t h a t  o f  a m b i e n t  a i r .
W h e n  a n  i n v e r s i o n  l a y e r  i s  e n c o u n t e r e d ,  t h e  a i r  p a r c e l  w i l l  r e a c h  a  
s t a b l e  h e i g h t  w h e n  i t s  t e m p e r a t u r e  i s  e q u a l  t o  t h a t  o f  t h e  s u r r o u n d i n g  
a i r .  I n  t h i s  c a s e ,  t h e  i n v e r s i o n - l a y e r  d e f i n e s  t h e  u p p e r  l i m i t  o f  
v e r t i c a l  d i f f u s i o n  a n d  r e p r e s e n t s  t h e  v e r t i c a l  m i x i n g  d e p t h  o f  t h e  
r e l e a s e d  c o n t a m i n a n t  (M u n n  a n d  B o l i n ,  1 9 7 1 )  ( H e i n e s  a n d  P e t e r s ,  1 9 7 3 ) .
I n  s o m e  c a s e s  i f  t h e  i n v e r s i o n - l a y e r  i s  s u f f i c i e n t l y  n a r r o w ,  t h e  a i r  
p a r c e l  m a y  h a v e  e n o u g h  i n i t i a l  m o m e n tu m  t o  c a r r y  i t  t h r o u g h  t h e  i n v e r s i o n  
i n t o  t h e  n e x t  s t r a t u m  o f  n e g a t i v e  l a p s e  r a t e .  D e t a i l e d  a c c o u n t s  o f  t h e  
v e r t i c a l  a n d  h o r i z o n t a l  d i f f u s i o n  o f  m a t e r i a l  i n  t h e  a t m o s p h e r e  a r e  g i v e n  
b y  P a s q u i l l  ( 1 9 7 4 ) ,  S l a d e  ( 1 9 6 8 )  a n d  B r y a n t  ( 1 9 6 4 ) .
determinations of eddy diffusion to be made.
T h e  a v a i l a b i l i t y  o f  q u a n t i t a t i v e  d a t a  o n  m o s t  m e t e o r o l o g i c a l  
p a r a m e t e r s  h a s  m e a n t  t h a t  t h e  d i f f u s i o n  o f  a t m o s p h e r i c  c o n t a m i n a n t s  
h a s  b e e n  t h e  s u b j e c t  o f  m a n y  e m p i r i c a l  a n d  s e m i e m p i r i c a l  a t m o s p h e r i c  
m o d e l s .  M a n y  o f  t h e s e  m o d e l s  c o n s i d e r  d i f f u s i o n  f r o m  a  p o i n t  s o u r c e
i . e .  a  c h i m n e y  s t a c k  ( C s a n a d y ,  1 9 7 3 )  w h i l s t  o t h e r s  c o n s i d e r  t h e  
c o n c e n t r a t i o n  p r o f i l e s  o f  c o n t a m i n a n t s  r e l e a s e d  f r o m  l a r g e  a r e a s  a s  
m a y  h e  f o u n d  i n  u r b a n  r e g i o n s .  T h e s e  d i f f u s i o n  m o d e l s  v a r y  g r e a t l y  
i n  c o m p l e x i t y ,  f r o m  t h e  s o p h i s t i c a t e d  l o n g - r a n g e  t r a n s p o r t  m o d e l  o f  
S c r i v e n  a n d  F i s h e r  ( 1 9 7 4 ) ,  w h i c h  i n c o r p o r a t e s  d e p o s i t i o n  a n d  w a s h o u t  
e f f e c t s ,  t o  t h e  s i m p l e  b u t  e f f e c t i v e  u r b a n  p o l l u t i o n  m o d e l  o f  S m i t h  
( 1 9 7 3 ) .  S c o r e r  ( 1 9 6 5 )  h a s  g i v e n  a n  a c c o u n t  o f  t h e  b a s i s  o f  m a n y  o f  
t h e  p o p u l a r  d i f f u s i o n  t h e o r i e s .
1 . 5  E f f e c t s  o f  S . P . M .
1 . 5 . 1  T o x i c  e f f e c t s
O f  p r i m e  i m p o r t a n c e  i n  t h e  s t u d y  o f  a t m o s p h e r i c  a e r o s o l s  i s  t h e  
e f f e c t  o f  t h e  a e r o s o l  o n  i t s  e v e n t u a l  s i n k  o r  r e c e p t o r ,  e s p e c i a l l y  i f  
t h e  r e c e p t o r  i s  a  l i v i n g  o r g a n i s m .  I n  t h e  c a s e  o f  m a n ,  t h e  e f f e c t  m a y  
b e  d u e  t o  b o t h  p h y s i c a l  a n d  c h e m i c a l  i n t o l e r a n c e  t o  t h e  a e r o s o l .
S e v e n  e s s e n t i a l  t r a c e  m e t a l s  f o r  l i f e ,  C r ,  M n ,  F e ,  C o ,  C u ,  Z n  a n d  
M o ,  a r e  f r e q u e n t l y  f o u n d  i n  u r b a n  a e r o s o l  s a m p l e s ,  h o w e v e r  t h e  i n t a k e  
f r o m  t h i s  s o u r c e  i s  n e g l i g i b l e  c o m p a r e d  w i t h  t h e  n o r m a l  d i e t a r y  i n t a k e  
( S c h r o e d e r ,  1 9 7 0 ) .  T h e  n o n - e s s e n t i a l  m e t a l s  A l ,  T i ,  V ,  S r ,  Z r ,  N b  a n d  
B a  a r e  a l s o  p r e s e n t  i n  u r b a n  a i r  a n d  a r e  l a r g e l y  s o i l  d e r i v e d  e x c e p t  f o r  
V a n a d i u m  w h i c h  d e r i v e s  m a i n l y  f r o m  p e t r o l e u m  s p i r i t s .  T h e r e  e x i s t s ,  
h o w e v e r ,  a  g r o u p  o f  m o r e  t o x i c  t r a c e  m e t a l s  o c c a s i o n a l l y  a s s o c i a t e d  w i t h  t h e
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1.4.3 Dispersion modelling
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u r b a n  a e r o s o l .  T h e s e  a r e  B e ,  N i ,  A s ,  C d ,  S n  S b ,  P b  a n d  B i ,  a n d  a r e  
u s u a l l y  a s s o c i a t e d  w i t h  i n d u s t r i a l  a c t i v i t y  r a t h e r  t h a n  n a t u r a l  
p r o d u c t i o n  s u c h  a s  w i n d  e r o s i o n .
1 . 5 . 2  T h e  r e s p i r a t o r y  s y s t e m
T h e  n o r m a l  m o d e  o f  i n t a k e  o f  a i r b o r n e  p a r t i c u l a t e  m a t t e r  i n t o  
t h e  b o d y  i s  v i a  t h e  r e s p i r a t o r y  s y s t e m  w h i c h ,  f o r  t h e  p u r p o s e  o f  s t u d y i n g  
l u n g  d e p o s i t i o n ,  i s  u s u a l l y  c o n s i d e r e d  t o  c o m p r i s e  t h r e e  c o m p a r t m e n t s
i )  t h e  n a s o p h a r y n x ,  i i )  t r a c h e a  a n d  b r o n c h i a l  t r a c t ,  i i i )  p u l m o n a r y  
r e g i o n .  E a c h  r e g i o n  i s  d e f i n e d  b y  a  c h a r a c t e r i s t i c  p a r t i c l e  r e t e n t i o n  
c u r v e  a s  a  f u n c t i o n  o f  p a r t i c l e  s i z e  ( F i g .  1 . 5 ) .  T h e s e  c u r v e s  s h o w  
m a x im u m  r e t e n t i o n  i n  t h e  p u l m o n a r y  a n d  b r o n c h i a l  r e g i o n s  f o r  p a r t i c l e s  
w i t h  d i a m e t e r  l e s s  t h a n  % 0 . 5  y m ;  t h i s  a l s o  b e i n g  t h e  p a r t i c l e  s i z e  
r a n g e  i n  w h i c h  b o t h  P b  a n d  V  s h o w  a  m a r k e d  i n c r e a s e  i n  c o n c e n t r a t i o n  b y  
w e i g h t  ( V a l k o v i c ,  1 9 7 5 ) ;  ( N a t u s c h  e t  a l . ,  1 9 7 3 ) .
1 . 5 . 3  M e t e o r o l o g i c a l  e f f e c t s
A p a r t  f r o m  a f f e c t i n g  l i v i n g  o r g a n i s m s ,  t h e  p r e s e n c e  o f  S P M  i n  t h e  
a t m o s p h e r e  m a y  c a u s e  o r  c o n t r i b u t e  t o w a r d s  a  r e d u c t i o n  i n  v i s i b i l i t y  
d u r i n g  c e r t a i n  m e t e o r o l o g i c a l  c o n d i t i o n s  ( F i s c h e r  a n d  G r a s s l ,  1 9 7 5 ) ;
( H u s a r  a n d  W h i t e ,  1 9 7 6 ) .  I t  i s  a l s o  p o s s i b l e  f o r  t h e  i n f r a - r e d  r a d i a t i o n  
b a l a n c e  t o  b e  a f f e c t e d  r e s u l t i n g  i n  t h e  e l e v a t i o n  o f  a m b i e n t  t e m p e r a t u r e s  
i n  r e g i o n s  w h e r e  t h e  p a r t i c u l a t e  l o a d i n g  h a s  a  n e t  a b s o r p t i o n  t o  s c a t t e r i n g  
r a t i o  g r e a t e r  t h a n  a  c r i t i c a l  v a l u e  ( H o b b s  e t  a l . ,  1 9 7 4 ) .
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DEPOSITION
FRACTION
A E R O D Y N A M IC  D IA M E T E R  (  pm  )
V a r i a t i o n  o f  r e s p i r a t o r y  a e r o s o l  d e p o s i t i o n  w i t h  p a r t i c l e  s i z e  
a t  15  r e s p i r a t i o n s  p e r  m i n u t e  a n d  1 . 5  l i t r e  t i d a l  v o l u m e
F i g  1 . 5
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W o r k  h a s  b e e n  c a r r i e d  o u t  i n  t h e  p a s t  a t  t h e  U n i v e r s i t y  o f  S u r r e y  
o n  t h e  e s t i m a t i o n  o f  e l e m e n t a l  c o n c e n t r a t i o n s  i n  t h e  G u i l d f o r d  a t m o s h e r e  
( H a s a n  a n d  S p y r o u ,  1 9 7 2 )  . T h i s  i n i t i a l  s t u d y  w a s  n o t  e x h a u s t i v e  a n d  
d i d  n o t  s h o w  a n y  s t r o n g  d i u r n a l  v a r i a t i o n s  o r  m e t e o r o l o g i c a l  d e p e n d e n c e  
o . f  t h e  e l e m e n t s  i n v e s t i g a t e d ,  h o w e v e r ,  s o m e  e l e m e n t s ,  p a r t i c u l a r l y  
v a n a d i u m  a n d  a l u m i n i u m ,  s h o w e d  a b n o r m a l l y  h i g h  c o n c e n t r a t i o n s .  A  m o r e  
d e t a i l e d  s t u d y  o f  t h e  u p t a k e  o f  c e r t a i n  e l e m e n t s  i n  t r e e  g r o w t h - r i n g s  
h a s  r e c e n t l y  b e e n  c o m p l e t e d  ( T o u t ,  1 9 7 7 ) ,  w i t h  a  v i e w  t o  a s s e s s i n g  
p o s s i b l e  l o n g  t e r m  v a r i a t i o n s  e x t e n d i n g  b a c k w a r d s  i n  t i m e .
I t  w a s  f e l t  t h a t  u s e f u l  i n f o r m a t i o n  o n  t h e  d e t a i l e d  b e h a v i o u r ,  o f  
a t m o s p h e r i c  a e r o s o l s  c o u l d  b e  o b t a i n e d  i f  c o n t i n u o u s  d a t a  w e r e  a v a i l a b l e  
o n  t h e  s h o r t - t e r m  v a r i a t i o n s  o f  e l e m e n t a l  c o n c e n t r a t i o n s .  D a i l y  a i r  
d a r k - s m o k e  l e v e l s  a r e  r e c o r d e d  i n  G u i l d f o r d  b y  t h e  D e p a r t m e n t  o f  H e a l t h  
u n d e r  t h e  W a r r e n  S p r i n g s  L a b o r a t o r y  N a t u r a l  A i r - P o l l u t i o n  S u r v e y  N e t w o r k .  
T h e r e  i s  s o m e  e v i d e n c e  t o  s u g g e s t ,  h o w e v e r ,  t h a t  d a r k - s m o k e  l e v e l s  n o  
l o n g e r  r e p r e s e n t  f u l l y  t h e  a m b i e n t  a i r  q u a l i t y  s t a n d a r d  ( B a l l ,  1 9 7 7 ) .  
A l s o ,  a n y  s h o r t - t e r m  p o l l u t i o n  e p i s o d e s  l a s t i n g  o n l y  a  p e r i o d  o f  h o u r s  
w o u l d  b e  a v e r a g e d  o u t  b y  a  d a i l y  a i r  m o n i t o r y  s u r v e y .  I n  o r d e r  t o  o b t a i n  
a  m o r e  d e t a i l e d  u n d e r s t a n d i n g  o f  S P M  l e v e l s ,  a h  a i r  s a m p l e r  c a p a b l e  o f  
t a k i n g  c o n t i n u o u s  a i r  s a m p l e s  w i t h  a  t i m e  r e s o l u t i o n  o f  t h e  o r d e r  o f  
h o u r s  w a s  d e s i g n e d  t o g e t h e r  w i t h  a  s y s t e m  c a p a b l e  o f  a n a l y s i n g  t h e s e  
s a m p l e s  w i t h  t h e  s a m e  t e m p o r a l  r e s o l u t i o n  i n  o r d e r  t 6  o b t a i n  t h e  t i m e  
v a r i a t i o n s  o f  c o n c e n t r a t i o n s  o f  c e r t a i n  e l e m e n t s .  C h a p t e r  2  o f  t h i s  
t h e s i s  c o n s i d e r s  t h e  d e s i g n  a n d  c h a r a c t e r i s t i c s  o f  a  h i g h  t e m p o r a l  
r e s o l u t i o n  a i r  s a m p l e r  a n d  i t s  f i e l d  e v a l u a t i o n .
1.6 Current Research Project
The application of atomic and nuclear analytical techniques to the
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a n a l y s i s  o f  e n v i r o n m e n t a l  a n d  b i o l o g i c a l  s a m p l e s  h a s  b e c o m e  i n c r e a s i n g l y  
p o p u l a r  o v e r  t h e  p a s t  d e c a d e  d u e ,  i n  p a r t ,  t o  t h e  f a c t  t h a t  t h e  t e c h n i q u e s  
a r e  p r e c i s e ,  a c c u r a t e  a n d  a b s o l u t e ,  a n d  r e q u i r e  l i t t l e  o r  n o  s a m p l e  
p r e p a r a t i o n .  T h e  a v a i l a b i l i t y  o f  a  2  M e V  V a n  d e  G r a a f f  a c c e l e r a t o r  h a s  
p r o m p t e d  t h e  i m p l e m e n t a t i o n  o f  a  p r o t o n - i n d u c e d  X - r a y  e m i s s i o n  ( P I X E )  
a n a l y s i s  s y s t e m  a t  t h e  U n i v e r s i t y  o f  S u r r e y  t o  s t u d y  t h e  a p p l i c a b i l i t y  
o f  t h i s  t y p e  o f  s y s t e m  t o  t h e  r o u t i n e  a n a l y s i s  o f  t h e  t i m e - r e s o l v e d  
a e r o s o l  s a m p l e s  o b t a i n e d  i n  t h e  G u i l d f o r d  a i r  m o n i t o r i n g  p r o g r a m m e .
C h a p t e r  3  a n d  4 o f  t h i s  t h e s i s  d e s c r i b e  t h e  P I X E  a n a l y s i s  s y s t e m  
d e v e l o p e d  f o r  t h e  r o u t i n e  a n a l y s i s  o f  a e r o s o l  s a m p l e s  w h i l s t  C h a p t e r  5- 
p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  a n a l y s i s  o f  a  s e q u e n c e  o f  t i m e -  
r e s o l v e d  a e r o s o l  s a m p l e s .
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T h e  d e s i g n  a n d  o p e r a t i o n  o f  a n  a e r o s o l  s a m p l e r  d e p e n d  p r i m i r i l y  
o n  t h e  a e r o s o l  p a r a m e t e r s  t o  b e  m e a s u r e d .  C o n s i d e r a t i o n  m u s t  b e  g i v e n  
t o  t h e  v o l u m e  o f  a i r  s a m p l e d ,  t h e  c o l l e c t i o n  e f f i c i e n c y  o f  t h e  s a m p l e r  
a s  a f u n c t i o n  o f  p a r t i c l e  s i z e  a n d  t h e  m a t r i x  o n  w h i c h  t h e  s a m p l e s  a r e  
c o l l e c t e d .  T h e  f o l l o w i n g  s e c t i o n s  o u t l i n e  t h e  c h a r a c t e r i s t i c s  o f  
a e r o s o l  s a m p l e r s  a n d  d e s c r i b e  i n  d e t a i l  t h e  d e s i g n  a n d  o p e r a t i o n  o f  t h e  
s a m p l e r  u s e d  f o r  t h e  c u r r e n t  p r o j e c t .
2 . 1  S a m p l i n g  T e c h n i q u e s
2 . 1 . 1  S a m p l e r  c h a r a c t e r i s t i c s
T h e  c h o i c e  o f  a i r  s a m p l i n g  a p p a r a t u s  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n s  
o f  S P M  l e v e l s  i s  d e t e r m i n e d  b y  a  n u m b e r  o f  e x p e r i m e n t a l  p a r a m e t e r s .  I t  
i s  o f  p r i m e  i m p o r t a n c e ,  h o w e v e r ,  t h a t  a n y  s a m p l i n g  d e v i c e  i s  a b l e  t o  
r e c o r d  a  t r u e  r e p r e s e n t a t i o n  o f  t h e  e n v i r o n m e n t  b e i n g  s a m p l e d  a n d  d o e s  
n o t ,  f o r  e x a m p l e ,  s h o w  a n y  b i a s  t o w a r d s  a  p a r t i c u l a r  a e r o s o l  s i z e  r a n g e .
I t  i s  a l s o  i m p o r t a n t  t h a t  t h e  p r e s e n c e  o f  t h e  s a m p l e r  i t s e l f  h a s  n e g l i g i b l e  
e f f e c t  o n  t h e  s a m p l e d  e n v i r o n m e n t .  I n  p r a c t i c a l  t e r m s ,  b a s i c  p a r a m e t e r s  
w h i c h  m u s t  b e  c o n s i d e r e d  a r e :
( i )  t i m e  i n t e r v a l  o v e r  w h i c h  t h e  s a m p l e s  a r e  t o  b e  t a k e n
( i i )  v o l u m e  o f  a i r  t o  b e  s a m p l e d
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(iii) sample collecting medium e.g. filter paper etc.
( i v )  e f f i c i e n c y  o f  s a m p l e r  a s  a  f u n c t i o n  o f  a e r o s o l  d i a m e t e r
( v )  a i r  v e l o c i t y  a t  s a m p l e r  i n l e t .
I n  m a n y  c a s e s ,  t h e s e  p a r a m e t e r s  a r e  n o t  i n d e p e n d e n t l y  v a r i a b l e  a n d  
a  c o m p r o m i s e  m a y  h a v e  t o  b e  m a d e  o n  t h e  f i n a l  c h o i c e  o f  s a m p l e r .
A l t h o u g h  n o t  n e c e s s a r y  f o r  q u a l i t a t i v e  m e a s u r e m e n t s  o f  S P M ,  c a r e  
m u s t  b e  t a k e n  t h a t  t h e  r e s u l t s  o b t a i n e d  f r o m  an  a i r  m o n i t o r i n g  p r o g r a m m e  
a r e  i n  a  f o r m  w h i c h  a l l o w s  m e a n i n g f u l  c r o s s - c o m p a r i s o n  b e t w e e n  d i f f e r e n t  
s a m p l i n g  t e c h n i q u e s .
2 . 1 . 2  S a m p l e r  c o m p a r i s o n s
T h e r e  e x i s t  a t  p r e s e n t  t w o  w i d e l y  a c c e p t e d  m e t h o d s  f o r  t h e  r o u t i n e  
s a m p l i n g  o f  S P M .  T h e  f i r s t  i s  t h e  U . S . A .  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y  
( E P A )  " H i - V o l "  m e t h o d  i n  w h i c h  s a m p l e s  t a k e n  a t  a  f l o w r a t e  o f  ^ 1 . 5  m 3 
p e r  m i n u t e  b y  f i l t r a t i o n  a r e  a n a l y s e d  g r a v i m e t r i c a l l y , t h e  s e c o n d  i s  t h e  
O ECD  f i l t r a t i o n  m e t h o d  ( m o d i f i e d  b y  B S I )  i n  w h i c h  s a m p l e s  t a k e n  a t  a  
f l o w r a t e  o f  ^  1 . 5  *  l O “ 3m 3 p e r  m i n u t e  a r e  a n a l y s e d  b y  r e f l e c t o m e t r y  t o  
e s t i m a t e  t h e  d a r k  s m o k e  c o n t e n t  o f  t h e  s a m p l e .  T h e  e x a c t  p r o c e d u r e s  f o r  
t h e s e  t e c h n i q u e s  a r e  l a i d  d o w n  b y  t h e  WHO ( 1 9 7 6 ) .  T h e s e  t w o  t e c h n i q u e s  
d o  n o t  l e n d  t h e m s e l v e s ,  h o w e v e r ,  t o  d i r e c t  c o m p a r i s o n  a s  t h e  O ECD  m e t h o d  
m e a s u r e s  o n l y  t h e  d a r k - s m o k e  f r a c t i o n  o f  t h e  s a m p l e .  L e e  e t  a l .  ( 1 9 7 2 )  
h a v e  m a d e  d e t a i l e d  c o m p a r i s o n s  o f  t h e s e  a n d  o t h e r  s a m p l e r s  a n d  d e r i v e  
g e n e r a l  e x p r e s s i o n s  f o r  i n t e r r e l a t i n g  r e s u l t s  o b t a i n e d  w i t h  t h e m .  P o s s i b l e  
d i f f e r e n c e s  i n  s a m p l e r  i n l e t  v e l o c i t y  b e t w e e n  H i - V o l  a n d  l o w  v o l u m e  s a m p l e r s  
h a s  b e e n  s h o w n  b y  B e n a r i e  ( 1 9 7 6 )  n o t  t o  p r o d u c e  l a r g e  v a r i a t i o n s  i n  r e s u l t s  
f o r  n o r m a l  a t m o s p h e r i c  ( i . e .  n o n - l a m i n a r ) c o n d i t i o n s .
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2 . 1 . 3  I n e r t i a l  s a m p l e r s
T h e r e  e x i s t s  a  s e c o n d  g r o u p  o f  a e r o s o l  s a m p l e r s  n a m e d  i n e r t i a l  
s a m p l e r s  . T h e s e  o p e r a t e  o n  t h e  p r i n c i p l e  t h a t  i f  a n  a e r o s o l  i s  d i r e c t e d  
t o w a r d s  a  s u r f a c e  n o r m a l  t o  t h e  a i r f l o w  d i r e c t i o n  t h e n  t h e  s h a r p  
d e v i a t i o n  o f  t h e  a i r s t r e a m  a t  t h e  s u r f a c e  w i l l  r e s u l t  i n  p a r t i c l e s  w i t h  
s . u f f i c i e n t l y  h i g h  m o m e n t u m  l e a v i n g  t h e  a i r s t r e a m  a n d  a d h e r i n g  t o  t h e  
s u r f a c e .  T h e  c o l l e c t i n g  s u r f a c e  m a y  e i t h e r  b e  a  s o l i d  o r  a  l i q u i d ,  t h e  
t e r m s  i m p a c t o r s  a n d  i m p i n g e r s  a r e  r e s p e c t i v e l y  a p p l i e d  i n  t h e s e  c a s e s .
I f  t h e  s a m p l e r  c o m p r i s e s  m o r e  t h a n  o n e  i m p a c t i o n  s t a g e  i n  s e r i e s ,  i t  
i s  k n o w n  a s  a  c a s c a d e  i m p a c t o r .  A n  e x p e r i m e n t a l  s t u d y  o f  t h e  e f f i c i e n c y  
o f  i m p a c t i o n  o n  d i f f e r e n t  s u r f a c e s  h a s  b e e n  m a d e  b y  M a y  a n d  C l i f f o r d  ( 1 9 6 6 ) .
2 . 1 . 4  T i m e - r e s o l v e d  s a m p l i n g
A t t e m p t s  h a v e  b e e n  m a d e  t o  c o n s t r u c t  a e r o s o l  s a m p l e r s  b a s e d  o n  
e i t h e r  f i l t r a t i o n  o r  i m p a c t i o n  b u t  w h i c h  o p e r a t e  c o n t i n u o u s l y  t o  g i v e  s o m e  
t e m p o r a l  i n f o r m a t i o n  o n  a e r o s o l  c o n c e n t r a t i o n s .  T h e s e  a r e  o f  n e c e s s i t y  
m o r e  c o m p l e x  i n  o p e r a t i o n  t h a n  t h e  e q u i v a l e n t  s t a t i c  s a m p l e r  b u t  c a n  
y i e l d  m o r e  i n f o r m a t i o n  o n  a t m o s p h e r i c  a e r o s o l  b e h a v i o u r  a n d  m a y  b e  l e f t  
r u n n i n g  u n a t t e n d e d  f o r  p e r i o d s  o f  s e v e r a l  w e e k s .  A  c o n t i n u o u s  f i l t r a t i o n  
s a m p l e r  h a s  b e e n  d e s c r i b e d  b y  H e a r d  a n d  W i f f e n  ( 1 9 7 1 )  w h i c h  o p e r a t e s  f o r  
u p  t o  8  w e e k s  t a k i n g  3 - h o u r l y  s a m p l e s .  I t  i s  a l s o  p o s s i b l e ,  b y  e m p l o y i n g  
r o t a t i n g  c o l l e c t i o n  s u r f a c e s ,  t o  c o n s t r u c t  c a s c a d e  i m p a c t o r s  w h i c h  y i e l d  
b o t h  t e m p o r a l  a n d  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n f o r m a t i o n  o n  a t m o s p h e r i c  
a e r o s o l s ;  a  w i d e l y  u s e d  s a m p l e r  i n  t h i s  c l a s s  i s  d e s c r i b e d  b y  L u n d g r e n
( 1 9 7 1 ) .
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2 . 2 . 1  I m p a c t o r  o p e r a t i o n
T h e  p o s s i b i l i t y  o f  u s i n g  a  c a s c a d e  i m p a c t o r  f o r  s a m p l i n g  a t m o s p h e r i c  
a e r o s o l s  i n  t h e  s e m i - u r b a n  e n v i r o n m e n t  o f  G u i l d f o r d  w a s  i n v e s t i g a t e d .  A  
c o m m e r c i a l l y  a v a i l a b l e  f o u r - s t a g e  i m p a c t o r  o f  t h e  M a y - t y p e  ( M a y ,  1 9 4 5 )
( F i g .  2 . 1 )  w a s  o p e r a t e d  i n  c o n j u n c t i o n  w i t h  a  1 2 V  R o t h e r o e  a n d  M i t c h e l l  
v a r i a b l e  f l o w . r a t e  p u m p .  T h i s  t y p e  o f  s a m p l e r  i s  p a r t i c u l a r l y  s e n s i t i v e  
t o  v a r i a t i o n s  i n  t h e  s a m p l i n g  v e l o c i t y  a t  t h e  i n l e t ;  i f  t h e  s a m p l i n g  
v e l o c i t y  i s  h i g h e r  t h a n  t h e  l o c a l  w i n d  v e l o c i t y ,  t h e  s a m p l e r  w i l l  b i a s  
t o w a r d s  s m a l l e r  d i a m e t e r  p a r t i c l e s ,  a n d  v i c e - v e r s a .  I s o k i n e t i c  s a m p l i n g  
o c c u r s  u n d e r  n o r m a l  c o n d i t i o n s  f o r  t h e  M a y  i m p a c t o r  a t  a  f l o w r a t e  o f
1 7 . 5  f t m i n ” 1 c o r r e s p o n d i n g  t o  a  s a m p l i n g  v e l o c i t y  o f  3 . 5  m s ” 1 ( F i g .  2 . 2 ) .
T h i s  f l o w r a t e  w a s  a d j u s t e d  o n  t h e  s a m p l e r  u s e d  b y  r e f e r e n c e  t o  a  
p r e - c a l i b r a t e d  R o t a m e t e r  t y p e  1 8 X A .  T o  m a i n t a i n  c o n s t a n t  f l o w . r a t e  o v e r  
a  p e r i o d  o f  h o u r s ,  t h e  p u m p  h a d  t o  b e  m a i n s  o p e r a t e d  a s  t h e  p o w e r  d r a i n  
w a s  t o o  g r e a t  f o r  b a t t e r y  o p e r a t i o n .  T h i s  l i m i t e d  t h e  o p e r a t i o n  o f  t h e  
s a m p l e r  t o  l o c a t i o n s  w i t h  a c c e s s  t o  a  p o w e r  p o i n t .  S a m p l e s  w e r e  o b t a i n e d  
d u r i n g  t h e  f i r s t  t h r e e  m o n t h s  o f  1 9 7 6 .  B e c a u s e  e a c h  s a m p l e  w a s  d i s t r i b u t e d  
o v e r  f o u r  c o l l e c t i n g  s u r f a c e s  i t  w a s  f o u n d  n e c e s s a r y  t o  o p e r a t e  t h e  s a m p l e r  
f o r  p e r i o d s  o f  n o  l e s s  t h a n  s i x  h o u r s  i n  o r d e r  t o  o b t a i n  s a m p l e s  o f  
s u f f i c i e n t  d e n s i t y  f o r  m i c r o s c o p i c  e x a m i n a t i o n  ( s e c t i o n  2 . 2 . 3 ) .
2 . 2 . 2  I m p a c t i o n  s u r f a c e s
T h r e e  m a t e r i a l s  w e r e  i n v e s t i g a t e d  f o r  t h e  c o l l e c t i n g  i m p a c t i o n  s u r f a c e s  
g l a s s ,  n y l o n - 6 6  ( D u - P o n t )  a n d  K a p t o n  p o l y a m i d e  f i l m  ( D u - P o n t ) . T h e  s u r f a c e s  
w e r e  w a s h e d  i n  d i s t i l l e d  w a t e r  a n d  a l c o h o l  p r i o r  t o  b e i n g  u s e d  t o  r e m o v e
2*1 The Cascade Impactors
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T h e  f o u r - s t a g e  M a y  i m p a c t o r  u s e d  f o r  a e r o s o l  s i z e -  
f r a c t i o n a t i n g  m e a s u r e m e n t s
Fig 2.1
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A  s a m p l i n g  b i a s  t o w a r d s  l a r g e  ( o )  o r  s m a l l  ( • )  p a r t i c l e s  
m a y  o c c u r  u n d e r  n o n - i s o k i n e t i c  c o n d i t i o n s  w h e n  t h e  s a m p l i n g  
v e l o c i t y  ( V g )  i s  n o t  c o m p a r a b l e  w i t h  t h e  w i n d  v e l o c i t y  ( \ f y )
Fig 2.2
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t r a c e s  o f  g r e a s e  w h i c h  m i g h t  h a v e  b e e n  p r e s e n t .  S o m e  d i s c s  w e r e  
d e l i b e r a t e l y  c o a t e d  w i t h  a  t h i n  f i l m  o f  p u r e  s i l i c o n - g r e a s e  w i t h  t h e  
i n t e n t i o n  o f  c o m p a r i n g  c o l l e c t i o n  e f f i c i e n c i e s  f o r  d r y  a n d  c o a t e d  
s u r f a c e s .  H o w e v e r ,  i t  w a s  f o u n d  t h a t  s u r f a c e s  c o a t e d  w i t h  a n y  t y p e  o f  
g r e a s e  c o u l d  n o t  b e  u s e d  i n  t h e  e l e c t r o n  m i c r o s c o p e  a s  t h e y  c o u l d  n o t  
b e  r e n d e r e d  s u f f i c i e n t l y  c o n d u c t i n g  t o  p r o v i d e  t h e  n e c e s s a r y  e l e c t r o n  
i m a g e  r e s o l u t i o n  f o r  p a r t i c l e  c o u n t i n g .
2 . 2 . 3  A e r o s o l  s t r u c t u r e
E l e c t r o n  m i c r o s c o p y  w a s  u s e d  t o  i n v e s t i g a t e  t h e  f i n e  s t r u c t u r e  o f  
t h e  a e r o s o l  s a m p l e s  t a k e n  o n  d r y  i m p a c t i o n  s u r f a c e s .  I n  a l l  t h e  s a m p l e s  
e x a m i n e d ,  e a c h  c o n t a i n e d  a  h i g h  p r o p o r t i o n  o f  c o a r s e  u n s t r u c t u r e d  m a t t e r  
w h i c h  w a s  p r o b a b l y  m i n e r a l  i n  o r i g i n .  M a n y  s a m p l e s  s h o w e d  a l s o  s p h e r i c a l  
a n d  c r y s t a l l i n e  s t r u c t u r e s  ( s e c t i o n  1 . 2 . 2 )  ( F i g .  2 . 3 ,  1 . 3 ) .  F i g .  2 . 4  
s h o w s  t h e  p a r t i c l e  s i z e  s p e c t r u m  m e a s u r e d  w i t h  a  c a s c a d e  i m p a c t o r  d u r i n g  
t h e  a f t e r n o o n  o f  1 4 t h  M a y  1 9 7 6 ,  s h o w i n g  a  m o d a l  d i s t r i b u t i o n  a b o u t  t h e  
3  ym  s i z e d  p a r t i c l e s .  A l t h o u g h  i m p a c t o r s  p r o v i d e  u s e f u l  i n f o r m a t i o n  o n  
p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  t h e  h i g h  p o w e r  c o n s u m p t i o n  a n d  f l o w r a t e  o f  
t h e  p u m p i n g  e q u i p m e n t  a l o n g  w i t h  t h e  r e d u c e d  m a s s - c o l l e c t i n g  e f f i c i e n c y  
p e r  s t a g e  m e a n s  t h a t  t h e y  d o  n o t  r e p r e s e n t  v i a b l e  s a m p l e r s  f o r  t h e  l o n g  
t e r m  c o n t i n u o u s  m o n i t o r i n g  o f  a t m o s p h e r i c  a e r o s o l s .
2. 3  S t r e a k  S a m p l e r s
2 . 3 . 1  T h e  F S U  s a m p l e r
A  s a m p l e r  w h i c h  w i l l  p r o v i d e  t i m e - r e s o l v e d  d a t a  o n  S P M  l e v e l s  w i t h  
a  r e s o l u t i o n  o f  t w o  h o u r s  h a s  b e e n  d e s c r i b e d  b y  J e n s e n  a n d  N e l s o n  ( 1 9 7 4 ) .  
T h e  s a m p l e r  i s  a  f i l t r a t i o n  s a m p l e r  a n d  p r o v i d e s  n o  s i z e - d i s p e r s i v e
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E l e c t r o n  m i c r o g r a p h  s h o w i n g  s p h e r i c a l  a e r o s o l  p a r t i c l e s  c o l l e c t e d  
a t  G u i l d f o r d  u s i n g  a  M a y  i m p a c t o r
F i g  2 . 3
1 2 3 4 5 6 7 8 9  10
, PARTICLE DIAMETER Dp ( pm )
N u m b e r  d i s t r i b u t i o n  o f  F e r e t s  d i a m e t e r  m e a s u r e d  a t  
G u i l d f o r d  u s i n g  a  M a y  i m p a c t o r
Fig 2.4
i n f o r m a t i o n  o t h e r  t h a n  t h a t  o b t a i n e d  b y  c o n s i d e r a t i o n  o f  t h e  p o r e -  
s i z e  o f  t h e  f i l t e r s  c h o s e n .
S a m p l i n g  i s  c a r r i e d  o u t  b y  m o v i n g  a  s a m p l i n g  o r i f i c e  a l o n g  a  
p i e c e  o f  s t a t i o n a r y  f i l t e r  m a t e r i a l  b y  m e a n s  o f  a  d r i v e  m o t o r  a s s e m b l y .
T h e  o r i f i c e  i s  c o n n e c t e d  t o  a  l o w - v o l u m e  p u m p  w h i c h  i s  o p e r a t e d  
c o n t i n u o u s l y ,  t h e  t e m p o r a l  r e s o l u t i o n  b e i n g  d e f i n e d  b y  t h e  r a t e  a t  w h i c h  
t h e  o r i f i c e  i s  m o v e d  a c r o s s  t h e  f i l t e r  s u r f a c e .  T h e  a p p e a r a n c e  o f  t h e  f i l t e r  
s u r f a c e  a f t e r  s o m e  p e r i o d  o f  s a m p l i n g  s h o w s  s u c c e s s i v e  r e g i o n s  o f  l i g h t  
a n d  d a r k  s t a i n s  c o r r e s p o n d i n g  t o  v a r y i n g  l e v e l s  o f  S PM  d a r k - s m a k e  l e v e l s .
T h i s  t y p e  o f  s a m p l e r  h a s  b e c o m e  k n o w n  a s  a  " s t r e a k "  s a m p l e r  o r  F l o r i d a  
S t a t e  U n i v e r s i t y  ( F S U )  s a m p l e r .
I t  w a s  d e c i d e d  t o  a d o p t  t h i s  f o r m  o f  s a m p l e r  f o r  t h e  G u i l d f o r d  
s a m p l i n g  p r o g r a m m e  a s  i t  r e p r e s e n t e d  a  l o w - c o s t  h i g h - e f f i c i e n c y  s a m p l e r  
c a p a b l e  o f  g i v i n g  a d e q u a t e  t e m p o r a l  r e s o l u t i o n  d u r i n g  c o n t i n u o u s  s a m p l i n g .
2 . 3 . 2  T h e  G u i l d f o r d  s a m p l e r :  o p e r a t i o n
A  p r o t o t y p e  F S U  s a m p l e r  w a s  c o n s t r u c t e d  f r o m  D u r a l u m i n  a l l o y .  T h e  
u n i t  c o m p r i s e d  a  s a m p l i n g  o r i f i c e  c o n n e c t e d  d i r e c t l y  t o  a  1 2 v  D y m a x  I I  
a i r  s a m p l i n g  p u m p .  T h e  o r i f i c e  w a s  i n  d i r e c t  c o n t a c t  w i t h  a  s t r i p  o f  
f i l t e r  m a t e r i a l  a n d  w a s  m o v e d  a c r o s s  t h e  f i l t e r  s t r i p  b y  m e a n s  o f  a  
l e a d s c r e w  a s s e m b l y  m a d e  o f  b r a s s  d r i v e n  b y  a  1 2 V  DC m o t o r  v i a  a  r e d u c t i o n  
g e a r b o x  o f  f i n a l  d r i v e  o n e  r e v o l u t i o n  p e r  h o u r .  T h e  D y m a x  I I  p u m p  w a s  
] c h o s e n  a s  t h i s  i s  t h e  t y p e  o f  pu m p  r e c o m e n d e d  b y  t h e  W a r r e n  S p r i n g  
L a b o r a t o r y  f o r  t h e  n a t i o n a l  s u r v e y  o f  a i r  p o l l u t i o n .  T h e  s a m p l i n g  r a t e  
w a s  a t  3 6  A . h o u r " ” 1 t o  b e  o f  t h e  s a m e  o r d e r  a s  t h e  OECD r e c o m m e n d e d  
s a m p l i n g  r a t e .  T h e  s a m p l i n g  v e l o c i t y  a t  t h e  f i l t e r  s u r f a c e  f o r  a  n o z z l e
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m e a s u r i n g  2 mm x  2 mm w a s  t h u s  a b o u t  2 . 3  m s ” 1 w h i c h  r e p r e s e n t s  i s o ­
k i n e t i c  s a m p l i n g  u n d e r  m o s t  a t m o s p h e r i c  c o n d i t i o n s .  T h e  s a n g ? l i n g  h e a d  
w a s  d r i v e n  a c r o s s  t h e  f i l t e r  a t  a  r a t e  o f  0 . 9 8  mm p e r  h o u r ,  a c h i e v e d  
b y  c o u p l i n g  t h e  m o t o r  t o  a  2 6  t h r e a d  p e r  i n c h  l e a d s c r e w .  T h e  f i n a l  s i z e  
o f  s a m p l i n g  n o z z l e  c h o s e n  f o r  t h e  u n i t  w a s  1 . 9 5  mm s q u a r e  w h i c h ,  u s i n g  
t h e  0 . 9 8  mm p e r  h o u r  d r i v e ,  h a d  a n  e q u i v a l e n t  t e m p o r a l  s a m p l i n g  w i d t h  
o f  t w o  h o u r s .  A s  t h e  n o z z i l e  m o v e d  c o n t i n u o u s l y  a c r o s s  t h e  f i l t e r  
s u r f a c e ,  a  t w o  h o u r  m o v i n g  a v e r a g e  s a m p l e  w a s  o b t a i n e d .
T h e  s a m p l e r  w a s  l e f t  r u n n i n g  c o n t i n u o u s l y  f o r  a  p e r i o d  o f  s e v e n  d a y s  
p r o d u c i n g  a  t r a c e  o f  l e n g t h  1 6 . 4  cm  b e f o r e  i t  w a s  n e c e s s a r y  t o  r e p l a c e  t h e  
f i l t e r .  F o r  t h e  p u r p o s e s  o f  a n a l y s i s  o f  t h e  f i l t e r  s t r i p ,  t h e  t r a c e  w a s  
r e g a r d e d  a s  c o m p r i s i n g  8 4  d i s c r e t e  r e g i o n s ,  e a c h  r e g i o n  r e p r e s e n t i n g  a  
t w o - h o u r  m o v i n g  a v e r a g e  a b o u t  i t s  c e n t r a l  p o s i t i o n .
A  f i e l d  s t u d y  w i t h  t h e  p r o t o t y p e  s a m p l e r  r e v e a l e d  t h r e e  m a i n  d e s i g n  
f a u l t s  w h i c h  w e r e  r e c t i f i e d  i n  a  m a r k  I I  v e r s i o n  o f  t h e  s a m p l e r :
( i )  T h e  u s e  o f  a  1 2 v  D C  s y s t e m  f o r  b o t h  t h e  d r i v e  m o t o r  a n d
s a m p l i n g  p u m p ,  a l t h o u g h  m a k i n g  t h e  s a m p l i n g  u n i t  s e l f - c o n t a i n e d  
a n d  h e n c e  m o b i l e ,  r e n d e r e d  t h e  l e a d s c r e w  f e e d  r a t e  s u s c e p t i b l e  
t o  v o l t a g e  f l u c t u a t i o n s . A  v o l t a g e  f l u c t u a t i o n  o f  1% a l t h o u g h  
c h a n g i n g  t h e  t o t a l  l e n g t h  o f  t h e  t r a c e  b y  n o  m o r e  t h a n  1% m e a n s  
t h a t  t h e  a c c u m u l a t e d  e r r o r  o n  t h e  l a s t  m o v i n g  a v e r a g e  p o s i t i o n  o f  
t h e  t r a c e  m a y  b e  a s  h i g h  a s  8 5 % .  T h i s  s o u r c e  o f  p o s i t i o n i n g  e r r o r  
w a s  o v e r c o m e  b y  u s i n g  b o t h  m a i n s  o p e r a t e d  p u m p s  a n d  l e a d s c r e w
(K)
d r i v e  m o t o r s .  A  C r o u z e t  t y p e  s y n c h r o n o u s  m o t o r  c o u p l e d  t o  a  
W h e e l d r i v e  ®  r e d u c t i o n  g e a r b o x  w a s  u s e d  f o r  t h e  l e a d s c r e w  d r i v e ,  
t h e  d r i v e  s p e e d  o f  t h e  s y n c h r o n o u s  m o t o r  b e i n g  f r e q u e n c y  s e n s i t i v e ,  
r a t h e r  t h a n  v o l t a g e  s e n s i t i v e .
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T h e  s t a b i l i t y  o f  t h e  m a i n s  f r e q u e n c y  o v e r  t h e  p e r i o d  o f  o n e  w e e k  
r e s u l t e d  i n  a  p o s i t i o n i n g  e r r o r  i n  a n y  s a m p l i n g  p o s i t i o n  o f  
l e s s  t h a n  1% ( C . E . G . B . ,  1 9 7 7 ) .
( i i )  T h e  s e c o n d  d e s i g n  f a u l t  o c c u r r e d  i n  t h e  p o s i t i o n i n g  o f  t h e
f i l t e r  i n  t h e  s a m p l e r . -  I n  t h e  p r o t o t y p e ,  t h e  f i l t e r  m a t e r i a l  w a s  
h e l d  o n  t h e  s a m p l e r  b y  m e a n s  o f  a  D u r a l u m i n  c l a m p - p l a t e .  T h i s  
m e a n t ,  h o w e v e r ,  t h a t  f i l t e r  p o s i t i o n i n g  w a s  n e v e r  r e p r o d u c i b l e  
a n d  t h e  p o s s i b i l i t y  o f  f i l t e r  c o n t a m i n a t i o n  w a s  h i g h  d u e  t o  
b o t h  t h e  d i r e c t  c o n t a c t  o f  t h e  c l a m p  a n d  t h e  a m o u n t  o f  f i l t e r  
h a n d l i n g  n e c e s s a r y  t o  l o a d  a n d  u n l o a d  t h e  s a m p l e  e a c h  w e e k .
T h i s  w a s  o v e r c o m e  i n  t h e  m a r k  I I  s a m p l e r  b y  p r e - l o a d i n g  t h e  
f i l t e r s  i n t o  c l e a n  p e r s p e x  c a s s e t t e s  w h i c h  c o u l d  t h e m s e l v e s  b e  
l o a d e d  w i t h o u t  e x c e s s i v e  h a n d l i n g  t o  a c h i e v e  g o o d  p o s i t i o n i n g  
d i r e c t l y  i n t o  t h e  s a m p l e r .  T h i s  c a s s e t t e  s y s t e m  i s  d e s c r i b e d  
i n  s e c t i o n  2 . 4 . 6 .
( i i i )  A  t h i r d  s o u r c e  o f  e r r o r  c a m e  f r o m  m a c h i n i n g  i r r e g u l a r i t i e s  i n  
t h e  l e a d s c r e w  d r i v e  s y s t e m ,  m a n i f e s t i n g  t h e m s e l v e s  a s  p e r i o d i c  
t r a n s v e r s e  d i s p l a c e m e n t s  o f  t h e  s a m p l e d  t r a c e .  T h e s e  w e r e  
o v e r c o m e  b y  m o u n t i n g  t h e  s a m p l i n g  h e a d  o n  t o  t w o  s t e e l  r o d s  
w h i c h  a c t e d  a s  g u i d i n g  r a i l s  a n d  s m o o t h e d  o u t  a n y  i r r e g u l a r  
l e a d s c r e w  m o v e m e n t s .  F i g .  ( 2 . 5 )  s h o w s  t h e  c o m p l e t e d  m a r k  I I  
s a m p l e r  a n d  F i g .  ( 2 . 6 )  s h o w s  a  t y p i c a l  s a m p l e  t a k e n  a t  G u i l d f o r d .
2 . 3 . 3  T h e  G u i l d f o r d  s a m p l e r :  r e s o l u t i o n
T h e  t e m p o r a l  r e s o l u t i o n  o f  t h e  s a m p l i n g  u n i t  w a s  f o u n d  t o  b e  v e r y  
d e p e n d e n t  o n  t h e  s h a p e  o f  t h e  s a m p l i n g  n o z z l e  w h e r e  i t  m e t  t h e  f i l t e r  
s u r f a c e .  T h e  n o z z l e  i t s e l f  w a s  m a d e  o f  p u r e  P T F E ,  b o t h  t o  r e d u c e  c o n t a m i -
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S i d e  e l e v a t i o n  o f  a  G u i l d f o r d  a e r o s o l  s a m p l i n g  u n i t
F i g  2 . 5
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n a t i o n  o f  t h e  f i l t e r  a n d  t o  r e d u c e  t h e  p o s s i b i l i t y  o f  f r i c t i o n  t e a r i n g  
t h e  f i l t e r  m a t e r i a l .  S t a t i c  m e a s u r e m e n t s  o f  t h e  e f f e c t i v e  s a m p l i n g  
a r e a  o f  t h e  n o z z l e  w e r e  m a d e  u s i n g  l y c o p o d i u m  t o  s i m u l a t e  a  c o a r s e  
a e r o s o l .  I t  w a s  f o u n d  t h a t  t h o s e  s a m p l i n g  n o z z l e s  w h i c h  m e t  t h e  f i l t e r  
s u r f a c e  w i t h  o n l y  l i n e  c o n t a c t  p r o d u c e d  a  w e l l  d e f i n e d  e f f e c t i v e  s a m p l i n g  
a r e a .  T h o s e  n o z z l e s  w h i c h  h a d  s o m e  a r e a  c o n t a c t  w i t h  t h e  f i l t e r  t e n d e d  
t o  p r o d u c e  a n  i l l - d e f i n e d  s a m p l i n g  a r e a  a n d  w e r e  t h u s  n o t  s u i t a b l e  f o r  
h i g h  t e m p o r a l - r e s o l u t i o n  m e a s u r e m e n t s . F i g .  ( 2 . 7 )  s h o w s  c r o s s - s e c t i o n s  
a n d  e f f e c t i v e  s a m p l i n g  a r e a s  o f  t h e  s a m p l i n g  n o z z l e s  c o n s i d e r e d .
2 . 4  S a m p l e r  L o c a t i o n
2 . 4 . 1  C h o i c e  o f  l o c a t i o n
T w o  s a m p l e s  o f  t h e  m a r k  I I  d e s i g n  w e r e  m a n u f a c t u r e d .  T h e  f i r s t  
s a m p l e r  w a s  l o c a t e d  o n  t h e  U n i v e r s i t y  c a m p u s  i n  a  p e r m a n e n t  o u t s i d e  p o s i t i o n  
o n  t h e  r o o f  o f  t h e  U n i v e r s i t y  A D  b l o c k  n e x t  t o  t h e  P h y s i c s  D e p a r t m e n t .  T h e  
c h o i c e  o f  l o c a t i o n  a f f o r d e d  e a s y  a c c e s s  f r o m  t h e  U n i v e r s i t y ,  t h i s  b e i n g  
n e c e s s a r y  f o r  t h e  f i r s t  f e w  m o n t h s  o f  t h e  s a m p l i n g  p r o g r a m m e  i n  o r d e r  t o  
k e e p  a  c h e c k  o n  t h e  r e l i a b i l i t y  a n d  p e r f o r m a n c e  o f  t h e  s a m p l e r .  I t  w a s  
a l s o  n e c e s s a r y  t o  l o c a t e  t h e  s a m p l e r  a t  a  p o s i t i o n  w h e r e  p o w e r  c a b l e s  c o u l d  
b e  l a i d  a n d  w h e r e  t h e r e  c o u l d  b e  n o  p o s s i b i l i t y  o f  i n t e r f e r e n c e  t o  t h e  
c o n t i n u o u s  s a m p l i n g  p r o g r a m m e  b y  t h i r d  p a r t i e s .  T h e  s a m p l e r  w a s  m o u n t e d  i n  
a  s t a n d a r d  S t e v e n s o n  M e t e r e o l o g i c a l  S c r e e n  o f  t h e  t y p e  r e c o m m e n d e d  f o r  
m e t e o r e o l o g i c a l  m e a s u r e m e n t s .  T h i s  t y p e  o f  s c r e e n  a f f o r d s  a d e q u a t e  p r o t e c t i o n  
f r o m  r a i n  e t c .  b u t  d o e s  n o t  i m p a i r  t h e  f r e e  m o v e m e n t  o f  w i n d  f r o m  a n y  
d i r e c t i o n .  T h e  f i l t e r  m o u n t e d  o n  t h e  s a m p l e r  w a s  p o s i t i o n e d  s o  a s  t o  d r a w  
a i r  u p w a r d s  t o  r e d u c e  t h e  p o s s i b i l i t y  o f  l a r g e  ( >  3 0  y in )  p a r t i c l e s  b e i n g  
c o l l e c t e d  b y  p u r e l y  s e d i m e n t a t i o n  p r o c e s s e s  ( N e l s o n  e t  a l . , 1 9 7 5 ) .  A l s o
EFFECTIVE
SAMPLING
RATE
IN­
EFFECTIVE
SAMPLING
RATE
Co­
v a r i a t i o n  o f  e f f e c t i v e  s a m p l i n g  a r e a  w i t h  s a m p l i n g  h e a d
d e s i g n
F i g  2 . 7
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i n c l u d e d  i n  t h e  s c r e e n  w a s  t h e  s a m p l i n g  pu m p  w h i c h  w a s  c o n n e c t e d  t o  t h e  
s a m p l i n g  h e a d  b y  m e a n s  o f  a  f l e x i b l e  h o s e .  T h e  o u t l e t  f r o m  t h e  p um p  
w a s  e x h a u s t e d  a w a y  f r o m  t h e  s a m p l i n g  r e g i o n  i n  o r d e r  t o  m i n i m i s e  a n y  
c o n t a m i n a t i o n  f r o m  t h i s  s o u r c e .  T h e  p o s s i b l e  c o n t a m i n a t i o n  o f  t h e  
f i l t e r  f r o m  b o t h  t h e  o p e r a t i o n  o f  t h e  p u m p  a n d  t h e  l e a d s c r e w  f e e d  
m e c h a n i s m  i s  d i s c u s s e d  f u r t h e r  i n  C h a p t e r  5 .
C o n s i d e r a t i o n  w a s  a l s o  g i v e n  t o  t h e  l o c a t i o n  o f  t h e  s a m p l e r  
w i t h  r e s p e c t  t o  a n y  i m m e d i a t e  s o u r c e s  o f  p a r t i c u l a t e  m a t t e r  a n d  b u i l d i n g  
o b s t r u c t i o n s  w h i c h  m a y  h a v e  s c r e e n e d  t h e  s a m p l e r  d u r i n g  p e r i o d s  o f  
p a r t i c u l a r  p r e v a i l i n g  w i n d  d i r e c t i o n .  T h e  o n l y  i m m e d i a t e  l o c a l  s o u r c e  
o f  S P M  w a s  t h e  c h i m n e y  s t a c k  o f  t h e  U n i v e r s i t y  c e n t r a l  o i l - f i r e d  b o i l e r s  
l o c a t e d  1 9 2  m S o u t h - E a s t  o f  t h e  s a m p l e r .  T o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  
o f  e m i s s i o n s  f r o m  t h i s  s t a c k  c o n t r i b u t i n g  t o  t h e  d a r k - s m o k e  l e v e l s  
m e a s u r e d  o n  t h e  s a m p l e r ,  t w o  i d e n t i c a l  s a m p l e s  w e r e  o p e r a t e d  i n  
p a r a l l e l  a t  o p p o s i t e  e n d s  o f  t h e  U n i v e r s i t y  c a m p u s  w i t h  t h e  c e n t r a l  
s t a c k  i n b e t w e e n .  T h e  r e s u l t s  o f  t h i s  c o m p a r i s o n  a r e  g i v e n  i n  C h a p t e r  5 .
T h e  m a j o r  d i s a d v a n t a g e  w i t h  t h e  c h o s e n  s a m p l i n g  s i t e  i s  i t s  
h e i g h t  a b o v e  g r o u n d  l e v e l  ( 1 5  m ) . T h i s  h a s  t h e  e f f e c t  o f  p r e - f i l t e r i n g  
t h e  a m b i e n t  a e r o s o l  b y  s e l e c t i v e l y  s a m p l i n g  o n l y  t h a t  f r a c t i o n  o f  t h e  
a e r o s o l  w h i c h  h a s  t h e  a b i l i t y  t o  r e m a i n  s u s p e n d e d  a t  t h a t  h e i g h t .  A n  
a d v a n t a g e  o f  s a m p l i n g  a t  t h i s  h e i g h t  i s ,  h o w e v e r ,  t h a t  a  m o r e  d i r e c t  
c o m p a r i s o n  m a y  b e  m a d e  w i t h  r e s u l t s  o b t a i n e d  f r o m  t h e  N a t i o n a l  S u r v e y  
J p r o g r a m m e  a s  t h e  m a j o r i t y  o f  t h e i r  a e r o s o l  s a m p l e s  a r e  l o c a t e d  a t  a  
c o m p a r a b l e  h e i g h t  a b o v e  g r o u n d  l e v e l ,  o f t e n  o n  t h e  r o o f s  o f  m u n i c i p a l  
b u i l d i n g s .
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C o n t i n u o u s  s a m p l i n g  w a s  c a r r i e d  o u t  f o r  a  p e r i o d  o f  t e n  m o n t h s  
f r o m  J u l y  1 9 7 7  t o  M a y  1 9 7 8 ,  e a c h  f i l t e r  s a m p l e  b e i n g  c h a n g e d  a t  
1 2 , 0 0  h r s .  G . M . T .  e a c h  W e d n e s d a y ,  t h u s  p u t t i n g  t h e  w e e k - e n d  i n  t h e  
c e n t r e  o f  t h e  s a m p l e .  T h i s  t i m e  w a s  c h o s e n  p a r t l y  f o r  c o n v e n i e n c e  
a n d  p a r t l y  b e c a u s e  i t  r e p r e s e n t s  a  p e r i o d  w h e n  l a r g e  t e m p o r a l  
v a r i a t i o n s  i n  S P M  l e v e l s  m a y  n o t  b e  e x p e c t e d  t o  o c c u r .  A t  n o  t i m e  
d u r i n g  t h e  s a m p l i n g  p r o g r a m m e  d i d  e i t h e r  t h e  s a m p l i n g  u n i t  o r  pum p  
f a i l ,  p r o v i n g  t h e i r  r e l i a b i l i t y  f o r  l o n g - t e r m  c o n t i n u o u s  m o n i t o r i n g .
T h e  S t e v e n s o n  s c r e e n  i t s e l f ,  m o u n t e d  o n  a  c o n c r e t e  b a s e ,  s u r v i v e d  t w o  
s t o r m s  p r o d u c i n g  w i n d s  o f  u p  t o  2 0  m s " ' 1 w i t h o u t  d a m a g e .
2 . 5  A e  r o  s  o  1 F  i  1 1 e  r s
2 . 5 . 1  F i l t e r  e f f i c i e n c y
T h e r e  e x i s t  t h r e e  c o l l e c t i o n  m e c h a n i s m s  w h i c h  c o n t r i b u t e  t o  t h e  
o v e r a l l  p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  o f  f i l t e r s  u s e d  f o r  a t m o s p h e r i c  
a e r o s o l  s a m p l i n g .  I n  t h e  f i r s t  i n s t a n c e ,  p a r t i c l e s  m a y  b e  c a p t u r e d  
f r o m  t h e  a i r f l o w  t h r o u g h  t h e  f i l t e r  b y  d i r e c t  i m p i n g e m e n t  o n  t o  s u r f a c e  
r e g i o n s  o f  t h e  f i l t e r .  N o n  s u r f a c e - c a p t u r e d  p a r t i c l e s  m a y  b e  c a p t u r e d  
i n s i d e  t h e  f i l t e r  b y  i m p a c t i o n  d u e  t o  f r e q u e n t  d i r e c t i o n a l  c h a n g e s  i n  
t h e  a i r f l o w  a s  i t  p a s s e s  t h r o u g h  t h e  f i l t e r  f i b r e s ,  f o r  s m a l l  p a r t i c l e s  
( d i a m e t e r  < ^  0 . 1  y m ) , d i r e c t  d i f f u s i o n  o n t o  t h e  f i l t e r  s u r f a c e s .  
I n t e r c e p t i o n  o f  a e r o s o l  p a r t i c l e s  b y  f i l t e r  m e d i a  b e c o m e s  m o r e  e f f i c i e n t  
w i t h  i n c r e a s i n g  p a r t i c l e  s i z e  r e a c h i n g  100%  e f f i c i e n c y  f o r  p a r t i c l e s  o f  
s i z e  e q u a l  t o  t h e  m e a n  p o r e  d i a m e t e r  o f  t h e  f i l t e r .  T h e  d i f f u s i o n  o f  
s m a l l  p a r t i c l e s  r e s u l t s  i n  i n c r e a s i n g  c o l l e c t i o n  e f f i c i e n c y  w i t h  d e c r e a s i n g
2.4.2 Continuous sampling
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p a r t i c l e  d i a m e t e r .  T h e  c o m b i n a t i o n  o f  t h e s e  p r o c e s s e s  m a y  r e s u l t  i n  
t h e  a p p e a r a n c e  o f  a  m i n i m u m  i n  t h e  c o l l e c t i o n  e f f i c i e n c y  w i t h  p a r t i c l e  
s i z e  f o r  p a r t i c u l a r  f i l t e r  p o r e  d i a m e t e r s  a n d  a e r o s o l  s i z e  d i s t r i b u t i o n s  
( L i u  a n d  L e e ,  1 9 7 6 ) .
2 . 5 . 2  A v a i l a b l e  f i l t e r s
F i v e  t y p e s  o f  f i l t e r  w e r e  c o n s i d e r e d  f o r  t h e  s a m p l i n g  p r o g r a m m e :
dD
i )  W h a t m a n  C e l l u l o s e
i i )  W h a t m a n  ^  G l a s s  F i b r e  ( G F )  
i i i )  A c r o p o r e  ®  n y l o n - r e i n f o r c e d  m e m b r a n e s
i v )  S a r t o r i u s  M e m b r a n f i l t e r  ^
v )  N u c l e p o r e  ®
F o r  t h e  a i r  s a m p l i n g  p r o g r a m m e ,  a  p r i m a r y  r e q u i r e m e n t  w a s  t h a t  t h e  
f i l t e r s  h a d  h i g h  c o l l e c t i o n  e f f i c i e n c y  a n d  h i g h  t e n s i l e  s t r e n g t h  i n  o r d e r  
t o  r e m a i n  s e l f - s u p p o r t i n g  w h e n  m o u n t e d  o n  t h e  s a m p l e r .  T h e  l a t t e r  
r e q u i r e m e n t  w a s  m e t  b y  a l l  o f  t h e  f i l t e r s  e x c e p t  f o r  t h e  N u c l e p o r e ,  
w h i c h  b e c a m e  u n a v a i l a b l e  i n  t h e  l a r g e  s i z e  r e q u i r e d  f o r  t h e  s a m p l e r  
( s e c t i o n  2 . 5 . 4 ) .
2 . 5 . 3  F i l t e r  s t r u c t u r e
E x a m i n a t i o n  o f  s m a l l  s a m p l e s  o f  N u c l e p o r e  ( 4 7  mm d i a m e t e r  d i s c s ,
0 . 4  Pm p o r e  s i z e )  i n d i c a t e d  t h a t  t h e y  w o u l d  n o t  b e  s t r o n g  e n o u g h  t o  b e  
u s e d  f o r  r o u t i n e  s a m p l i n g  w i t h o u t  p e r m a n e n t  d e f o r m a t i o n  a b o u t  t h e  
s a m p l i n g  r e g i o n .  F o r  a  g i v e n  p o r e  d i a m e t e r ,  m e m b r a n e  f i l t e r s  o f f e r
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t h e  h i g h e s t  r e t e n t i o n  e f f i c i e n c y  c o m p a r e d  w i t h  o t h e r  f i l t e r  t y p e s  
( P e r r y  a n d  Y o u n g ,  1 9 7 7 )  ( L i u  a n d  L e e ,  1 9 7 6 ) .  S t e r i l e  f i l t r a t i o n  o f  
a i r  i s  a c c o m p l i s h e d  b y  m e m b r a n e  f i l t e r s  o f  p o r e  d i a m e t e r  0 . 8  ym  
( S a r t o r i u s ,  1 9 7 7 )  w h i l s t  f i l t e r s  o f  0 . 6  y m  p o r e  s i z e  o f f e r  a c c u r a t e  
q u a n t i t a t i v e  c o l l e c t i o n  o f  a e r o s o l  p a r t i c l e s  u n d e r  a l m o s t  a l l  c o n d i t i o n s  
( P e r r y  a n d  Y o u n g ,  1 9 7 7 ) .  S p u m y  a n d  L o d g e  ( 1 9 7 2 )  h a v e  c o m p i l e d  e x p e r i ­
m e n t a l  m e m b r a n e  f i l t e r  e f f i c i e n c y  t a b l e s  f o r  m o s t  m e m b r a n e  s t r u c t u r e s  
i n  c o m m o n  u s e .  T h e  t h e o r y  o f  m e m b r a n e  f i l t e r  c o l l e c t i o n  i s  b e s t  
d e s c r i b e d  b y  t h e  w o r k  o f  S m u t e k  a n d  P i c h  ( 1 9 7 4 ) .  T h e  s t r u c t u r e  o f  t h e  
f i l t e r s  c o n s i d e r e d  s h o w e d  m a r k e d  d i f f e r e n c e s  w h e n  e x a m i n e d  u n d e r  a n  
e l e c t r o n  m i c r o s c o p e .  T h e  c e l l u l o s e ,  GF a n d  A c r o p o r e  f i l t e r s  s h o w e d  a  
s t r u c t u r e  c o m p r i s i n g  i n t e r w o v e n  f i b r e s  w h i l s t  t h e  S a r t o r i u s  s h o w e d  a  
r i g i d  h o n e y c o m b  s t r u c t u r e  ( F i g .  2 . 8 ) .  T h e  r i g i d  s t r u c t u r e  o f  w e l l -  
d e f i n e d  p o r e s  i n  t h e  c a s e  o f  p l a i n  m e m b r a n e  f i l t e r s  r e s u l t s  i n  t h e  
c o l l e c t e d  a e r o s o l  b e i n g  d e p o s i t e d  p r i m a r i l y  o n  t h e  f i l t e r  s u r f a c e  w i t h  
n e g l i g i b l e  p a r t i c l e  p e n e t r a t i o n  i n t o  t h e  b o d y  o f  t h e  f i l t e r  ( H e a r d  a n d  
W i f f e n ,  1 9 6 9 )  ( S a r t o r i u s ,  1 9 7 7 ) .  F i g .  ( 2 . 9 )  s h o w s  a n  e l e c t r o n  m i c r o ­
g r a p h  o f  t h e  s u r f a c e  o f  a  S a r t o r i u s  M e m b r a n f i l t e r  a f t e r  s a m p l i n g  f o r  
1 h o u r  a t  3 6  l i t r e / h o u r  a t  t h e  G u i l d f o r d  s a m p l i n g  s i t e .
A s  t h e  f i l t e r  m a t e r i a l  w a s  t o  b e  u s e d  a s  a  s u p p o r t i n g  m e d i u m  f o r  
t h e  s u b s e q u e n t  e l e m e n t a l  a n a l y s i s  o f  t h e  a e r o s o l  s a n g p l e s ,  c o n s i d e r a t i o n  
w a s  g i v e n  t o  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  e l e m e n t s  i n  t h e  c l e a n  f i l t e r s  
w h i c h  m i g h t  h a v e  p r o d u c e d  s o m e  i n t e r f e r e n c e  w i t h  t h e  e l e m e n t s  b e i n g  
d e t e r m i n e d  i n  t h e  a e r o s o l  s a m p l e  i t s e l f .  F i l t e r  s a m p l e s  w e r e  e x a m i n e d  
b o t h  b y  e l e c t r o n  m i c r o p r o b e  a n a l y s i s  u s i n g  a  J E 0 L - 5 X A  e l e c t r o n  m i c r o p r o b e  
a n d  b y  p r o t o n - i n d u c e d  X - r a y  a n a l y s i s  ( s e c t i o n  3 . 3 ) .  T h e  r e s u l t s  o f  t h i s  
s h o w e d  t h a t  o n l y  S a r t o r i u s  a n d  N u c l e p o r e  f i l t e r s  p r o d u c e d  a  c l e a n  a n a l y t i c a l
-  47 -
2 urn
i---------------—------------1
Electron micrograph of a clean section of Sartorius Membranfilter
Fig 2 .8
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2 ym
E l e c t r o n  m i c r o g r a p h  o f  a  s e c t i o n  o f  S a r t o r i u s  M e m b r a n f i l t e r  
a f t e r  b e i n g  u s e d  i n  t h e  s a m p l i n g  u n i t
F i g  2 . 9
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b a c k g r o u n d  o v e r  e l e m e n t s  o f  i n t e r e s t  i n  a t m o s p h e r i c  a e r o s o l  s a m p l e s ,  
t h e  o t h e r  f i l t e r s  b e i n g  c o n t a m i n a t e d  i n  p a r t i c u l a r  w i t h  t h e  e l e m e n t s  
C a ,  K ,  T i  a n d  Z n .  T h e  a v a i l a b i l i t y  o f  S a r t o r i u s  M e m b r a n f i l t e r  i n  
0 . 4 5  y m  p o r e  s i z e  r e s u l t e d  i n  t h i s  p a r t i c u l a r  f i l t e r  b e i n g  c h o s e n  
f o r  t h e  r o u t i n e  s a m p l i n g  p r o g r a m m e .
2 . 5 . 4  F i l t e r  s t o r a g e
T h e  f i l t e r  m a t e r i a l  u s e d  f o r  t h e  s a m p l i n g  w a s  s u p p l i e d  d i r e c t  
f r o m  t h e  m a n u f a c t u r e r  i n  t h e  f o r m  o f  2 9 3  mm d i a m e t e r ,  0 . 4 5  y m  p o r e  s i z e  
d i s c s  m a d e  o f  c e l l u l o s e  a c e t a t e  ( S a r t o r i u s  f i l t e r  t y p e  S M . 1 1 1 0 6 ) ,  e a c h  
f i l t e r  s a n d w i c h e d  b e t w e e n  t w o  c l e a n  p a p e r  d i s c s .  F o r  u s e  i n  t h e  
s a m p l e r ,  t h e  d i s c s  w e r e  c u t  s o  a s  t o  p r o d u c e  f r o m  e a c h  d i s c  f i v e  s t r i p s  
e a c h  m e a s u r i n g  a p p r o x i m a t e l y  2 1  cm  x  4 c m .  T h e  s t r i p s  w e r e  c u t  u s i n g  a  
s u r g i c a l  s c a l p e l  a n d  p e r s p e x  t e m p l a t e  w h i c h  h a d  b e e n  c l e a n e d  t o  r e m o v e  
a l l  t r a c e s  o f  o i l s  o r  g r e a s e .  E a c h  f i l t e r  s t r i p  w a s  t h e n  m o u n t e d  
d i r e c t l y  i n t o  i t s  o w n  p e r s p e x  c a s s e t t e  w h i c h  h a d  b e e n  p r e v i o u s l y  c l e a n e d .  
T h e  c a s s e t t e  s y s t e m  a l l o w e d  f o r  m a x im u m  s u p p o r t  o f  t h e  f i l t e r s  a n d  
e n a b l e d  t h e m  t o  b e  h a n d l e d  w i t h o u t  a n y  f u r t h e r  c o n t a c t  w i t h  t h e  f i l t e r  
s u r f a c e .  E a c h  c a s s e t t e  w a s  e q u i p p e d  w i t h  i t s  o w n  r e m o v a b l e  d u s t - c o v e r  
a n d  b a t c h e s  o f  12 c a s s e t t e s ,  o n c e  m o u n t e d  a n d  c o v e r e d ,  w e r e  p l a c e d  i n  
s e a l e d  p e r s p e x  b o x e s  t o  a w a i t  u s e .  T h e  w h o l e  m o u n t i n g  o p e r a t i o n  t o o k  
p l a c e  i n  a  c l e a n  l a m i n a r - f l o w  h o o d  t o  r e d u c e  p o s s i b l e  p r e - s a m p l i n g  
d u s t - c o n t a m i n a t i o n  a n d  t h e  f i l t e r s  w e r e  h a n d l e d  o n l y  w i t h  s u r g i c a l  
f o r c e p s .  W h e n  r e q u i r e d  f o r  u s e ,  a  f i l t e r  c a s s e t t e  w a s  r e m o v e d  f r o m  i t s  
b o x  a n d  i t s  d u s t  c o v e r  r e m o v e d .  T h e  c a s s e t t e  a n d  i t s  f i l t e r  w a s  t h e n  
c l i p p e d  d i r e c t l y  i n t o  t h e  s a m p l e r ,  t h e  s y s t e m  b e i n g  d e s i g n e d  t o  a l l o w  
b o t h  c o n s t a n t  a n d  r e p e a t a b l e  s a m p l i n g  g e o m e t r y .  A f t e r  u s e ,  t h e  f i l t e r  
c a s s e t t e  w a s  r e m o v e d  f r o m  t h e  s a m p l e r  a n d  i t s  d u s t  c o v e r  r e p l a c e d  u n t i l
i t  w a s  r e q u i r e d  f o r  a n a l y s i s .  T h e  o p e r a t i o n  o f  
a n d  r e s e t t i n g  t h e  s a m p l e r  c o u l d  b e  c o m p l e t e d  i n
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c h a n g i n g  t h e  f i l t e r  
l e s s  t h a n  o n e  m i n u t e .
C H A P T E R  3
P R O T O N  IN D U C E D  X - R A Y  E M I S S I O N  A N A L Y S I S
3 . 1  X - r a y  P r o d u c t i o n
T h e  a n a l y s i s  o f  s a m p l e s  w h i c h  m a y  c o n t a i n  u p  t o  8 4  r e g i o n s  o f  
i n t e r e s t ,  a s  i n  t h e  c a s e  o f  t h e  G u i l d f o r d  a e r o s o l  s a m p l e s ,  r e q u i r e s  a n  
a n a l y t i c a l  t e c h n i q u e  w h i c h :  ( a )  a l l o w s  m i c r o a n a l y s i s  o n  t h e  s c a l e  o f
e a c h  d i s c r e t e  r e g i o n  t o  b e  p e r f o r m e d ,  ( b )  p r o d u c e s  m u l t i - e l e m e n t  
i n f o r m a t i o n  p e r  a n a l y s i s ,  a n d  ( c )  i s  r e p r o d u c i b l e  a n d  t h e r e f o r e  n o n ­
d e s t r u c t i v e  ,
A n a l y t i c a l  t e c h n i q u e s  b a s e d  o n  t h e  e n e r g y - d i s p e r s i v e  d e t e c t i o n  o f  
c h a r a c t e r i s t i c  X -  a n d  y - r a d i a t i o n  f r o m  s a m p l e s ,  p r o d u c e d  b y  n e u t r o n ,  
p h o t o n  a n d  c h a r g e d  p a r t i c l e  r e a c t i o n s  h a v e  s h o w n  t h e m s e l v e s  t o  b e  
p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  r o u t i n e  a n a l y s e s  o f  e l e m e n t s  o f  i n t e r e s t  
f o u n d  i n  e n v i r o n m e n t a l  a n d  b i o l o g i c a l  s a m p l e s  ( V a l k o v i c ,  1 9 7 3 )  ( K e r r ,  
1 9 7 8 ) .
A  f a c t o r  m u c h  i n f l u e n c i n g  t h e  c h o i c e  o f  a n a l y s i s  s y s t e m  i s  t h e  
a b s o l u t e  m a s s  o f  t h e  s a m p l e  t o  b e  a n a l y s e d .  T y p i c a l  d e p o s i t s  i n  t h e  
c a s e  o f  t h e  G u i l d f o r d  s a m p l e s  a r e  o f  t h e  o r d e r  ^  1 0  y  g  ( C h a p t e r  5 )  w h i c h  
f o r  a  d e t e c t i o n  l i m i t  o f  t h e  o r d e r  'v 1 0  p p m  r e q u i r e s  a n  a b s o l u t e  d e t e r ­
m i n a t i o n  o f  'v 0 . 1  n g  o f  m a t e r i a l .  J o h a n s s o n  e t  a l .  ( 1 9 7 0 )  h a v e  d i s c u s s e d  
t h e  f e a s i b i l i t y  o f  u s i n g  p r o t o n - i n d u c e d  X - r a y  e m i s s i o n  ( P I X E )  s p e c t r o ­
s c o p y  f o r  a n a l y s i s  a t  t h e  1 0 “ 1 2 g  l e v e l  a n d  t h e  a p p l i c a t i o n  o f  t h i s  
t e c h n i q u e  t o  t h e  a n a l y s i s  o f  d i s c r e t e  a e r o s o l  s a m p l e s  h a s  b e e n  d i s c u s s e d  
f u r t h e r  b y  N e l s o n  e t  a l .  ( 1 9 7 5 ) ,  P i l o t t e  e t  a l .  ( 1 9 7 6 )  a n d  C o u r t n e y  e t  a l .  
( 1 9 7 6 ) .
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T h e  a v a i l a b i l i t y  o f  a  2 M e V  V a n  d e  G r a a f f  a c c e l e r a t o r  a t  t h e  
U n i v e r s i t y  o f  S u r r e y  h a s  l e d  t o  t h e  d e v e l o p m e n t  o f  a  P I X E  a n a l y s i s  
s y s t e m  f o r  t h e  r o u t i n e  a n a l y s i s  o f  t h e  G u i l d f o r d  a e r o s o l  s a m p l e s .
3 . 1 . 1  E n e r g y  l e v e l s
T h e  p r o d u c t i o n  o f  a n  i n n e r - s h e l l  v a c a n c y  i n  a n  o t h e r w i s e  u n p e r t u r b e d  
a t o m  m a y  r e s u l t  i n  t h e  e m i s s i o n  o f  a n  X - r a y  c h a r a c t e r i s t i c  o f  t h e  i o n i s e d  
a t o m .  T h e  d e t e c t i o n  o f  s u c h  r a d i a t i o n  p r o d u c e d  b y  p r o t o n  b o m b a r d m e n t  
i s  t h e  b a s i s  o f  P I X E  a n a l y s i s .  T h e  e n e r g y  o f  t h e  e m i t t e d  p h o t o n  i s  
d e p e n d e n t  o n  t h e  o r i g i n a l  l o c a t i o n  o f  t h e  v a c a n c y  a n d  t h e  a t o m i c  
t r a n s i t i o n  w h i c h  o c c u r s  t o  f i l l  t h a t  v a c a n c y .  F i g .  ( 3 . 1 )  s h o w s  a n  e n e r g y  
l e v e l  d i a g r a m  d e p i c t i n g  p o s s i b l e  t r a n s i t i o n s  w h i c h  m a y  o c c u r  a f t e r  K -  o r  
L - s h e l l  i o n i s a t i o n .  A  l i s t  o f  p o s s i b l e  t r a n s i t i o n s  h a s  b e e n  c o m p i l e d  
b y  B e a r d e n  ( 1 9 6 7 ) ,  a n d  h i s  n o t a t i o n  f o r  p o s s i b l e  t r a n s i t i o n s  i s . u s e d  
t h r o u g h o u t  t h i s  t h e s i s .  T h e  p r o b a b i l i t y  o f  a  p h o t o n  b e i n g  p r o d u c e d  d u e  
t o  a  p a r t i c u l a r  t r a n s i t i o n  a f t e r  e l e c t r o n  v a c a n c y  p r o d u c t i o n  b y  s o m e  
i n i t i a l  p r o c e s s  m a y  b e  c o n s i d e r e d  a s  a  t w o - s t a g e  e v e n t .  I n  t h e  f i r s t  
i n s t a n c e  t h e r e  e x i s t s  a  p r o b a b i l i t y  t h a t  t h e  i n i t i a l  i o n i s i n g  m e c h a n i s m  
w i l l  p r o d u c e  a  s i n g l e  v a c a n c y  i n  a  p a r t i c u l a r  s h e l l  o r  s u b s h e l l .  T h i s  
p r o b a b i l i t y  i s  d e s c r i b e d  i n  t e r m s  o f  t h e  i o n i s a t i o n  c r o s s - s e c t i o n ,  c r^ ,  
f o r  t h e  e v e n t  a n d  i s  d e p e n d e n t  o n  t h e  i n i t i a l  m e a n s  o f  i o n i s a t i o n  
( s e c t i o n  3 , 1 , 2 ) .  O n c e  a  v a c a n c y  h a s  b e e n  p r o d u c e d ,  a  t r a n s i t i o n  m a y  
o c c u r  f r o m  a  h i g h e r  s h e l l ,  r e d u c i n g  t h e  o v e r a l l  p o t e n t i a l  o f  t h e  s y s t e m  a n d  
r e l e a s i n g  a n  e q u i v a l e n t  a m o u n t  o f  e n e r g y  e i t h e r  i n  t h e  f o r m  o f  a  p h o t o n  * 
( r a d i a t i v e  t r a n s i t i o n )  o r  i n  t h e  f o r m  o f  a n  A u g e r  e l e c t r o n  ( n o n -  
r a d i a t i v e  t r a n s i t i o n ) .  T h e  f l u o r e s c e n c e  y i e l d ,  ro, o f  a  s h e l l  ( s e c t i o n  
3 . 1 . 3 )  i s  a  m e a s u r e  o f  t h e  p r o b a b i l i t y  o f  a  r a d i a t i v e  t r a n s i t i o n  o c c u r r i n g .
E n e r g y  l e v e l  d i a g r a m  s h o w i n g  m a j o r  K  a n d  L - s h e l l  t r a n s i t i o n s
Fig 3.1
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T h e  p r o b a b i l i t y  o f  a  p a r t i c u l a r  r a d i a t i v e  t r a n s i t i o n  o c c u r r i n g  i s
t e r m e d  t h e  b r a n c h i n g  r a t i o ,  k ,  o f  t h a t  t r a n s i t i o n .  I n  p r i n c i p l e ,  a
k n o w l e d g e  o f  t h e s e  t r a n s i t i o n  p r o b a b i l i t i e s  a n d  t h e  i n i t i a l  i o n i s a t i o n
c r o s s  s e c t i o n  a l l o w s  t h e  a b s o l u t e  n u m b e r  o f  a t o m s  o f  a  p a r t i c u l a r  
e l e m e n t  i n  a  s a m p l e  t o  b e  c a l c u l a t e d  f r o m  t h e  y i e l d  o f  X - r a y s  c a u s e d  
b y  a  k n o w n  f l u x  o f  i o n i s i n g  r a d i a t i o n .  D e t a i l e d  d i s c u s s i o n  o f  t h e  
p r o d u c t i o n  a n d  s p e c t r o s c o p y  o f  c h a r a c t e r i s t i c  X - r a y s  i s  g i v e n  b y  
D y s o n  ( 1 9 7 3 )  a n d  V a l k o v i d  ( 1 9 7 3 ) .
3 . 1 . 2  I o n i s a t i o n  c r o s s  s e c t i o n s
E a r l y  a t t e m p t s  a t  o b t a i n i n g  a  u n i v e r s a l  r e l a t i o n s h i p  b e t w e e n  
i o n i s a t i o n  c r o s s - s e c t i o n  a n d  i n c i d e n t  p r o t o n  e n e r g y  f o r  i n n e r - s h e l l  
e l e c t r o n s  o f  k n o w n  b i n d i n g  e n e r g y  a r e  d e s c r i b e d  i n  a  r e v i e w  a r t i c l e  
b y  M e r z b a c h e r  a n d  L e w i s  ( 1 9 5 8 ) .  I t  i s  s h o w n  t h a t  t h e  p r o b a b i l i t y  o f  
p r o d u c i n g  i n n e r - s h e l l  i o n i s a t i o n  i n c r e a s e s  r a p i d l y  a s  a  f u n c t i o n  o f  
i n c i d e n t  p r o t o n  e n e r g y ,  r e a c h i n g  a  m a x im u m  a t  t h a t  p r o t o n  e n e r g y  w h i c h ,  
f o r  a  c o l l i s i o n  w i t h  a  f r e e  e l e c t r o n ,  t r a n s f e r s  a n  a m o u n t  o f  e n e r g y  
e q u a l  t o  t h e  b i n d i n g  e n e r g y  o f  t h e  s h e l l  b e i n g  i o n i s e d .
I n  a  f r e e  c o l l i s i o n ,  t h e  m a x im u m  a m o u n t  o f  e n e r g y ,  1 ^ ^ ,  t r a n s f e r r e d  
f r o m  a  p r o t o n  o f  m a s s  M ,  e n e r g y  E ^ ,  t o  a  f r e e  e l e c t r o n  m a s s  m ,  i s  g i v e n  b y
_  4roM >E
3 . 1
(M / m  Jfc 1 8 4 0 )
I o n i s a t i o n  o c c u r s  f o r  p r o t o n  e n e r g i e s  b e l o w  t h i s  l i m i t ,  h o w e v e r ,  b e c a u s e  
t h e  c o l l i s i o n  a c t u a l l y  o c c u r s  b e t w e e n  t h e  p r o t o n  a n d  a  b o u n d  e l e c t r o n
- 54 -
r a t h e r  t h a n  a  f r e e  e l e c t r o n ,  r e s u l t i n g  i n  a  h i g h e r  e n e r g y  t r a n s f e r  a n d
s u b s e q u e n t  i o n i s a t i o n .  U n d e r  c o n d i t i o n s  w h e r e  i s  m u c h  l e s s  t h a n
t h e  b i n d i n g  e n e r g y ,  I  , o f  a  p a r t i c u l a r  s h e l l  x ,  M e r z b a c h e r  a n d  L e w i s
s h o w  t h a t  t h e  i o n i s a t i o n  c r o s s - s e c t i o n ,  a  v a r i e s  w i t h  E 1* a n d  w i t h
x  p
12 • •
Z  ,  w h e r e  Z  i s  t h e  a t o m i c  n u m b e r  o f  t h e  t a r g e t  a t o m .  K n o w i n g  t h a t
t h e  b i n d i n g  e n e r g y ,  I  , a l s o  v a r i e s  w i t h  a t o m i c  n u m b e r  a s  Z 2 l e a d s  t o  t h e
s i m p l e  i o n i s a t i o n  c r o s s - s e c t i o n  s c a l i n g  l a w :
a . I 2 a (e / I  ) 4 3. 2
x  x  p  x '
T h i s  e x p r e s s i o n  b e i n g  i n d e p e n d e n t  o f  t h e  a t o m i c  n u m b e r  o f  t h e  t a r g e t  '
m a t e r i a l .  U n d e r  c o n d i t i o n s  w h e r e  T >r. _  > I  ,  t h e  i o n i s a t i o n  c r o s s - s e c t i o n
M AX  x
f a l l s  o f f  a p p r o x i m a t e l y  a s  E p 1 *
G a r c i a  ( 1 9 7 0 a ,  1 9 7 0 b )  h a s  t r e a t e d  i n n e r - s h e l l  i o n i s a t i o n  a s  a  
c l a s s i c a l  b i n a r y - e n c o u n t e r  a p p r o x i m a t i o n  ( B E A )  b e t w e e n  t h e  i n c i d e n t  
p r o t o n  a n d  b o u n d  e l e c t r o n  a n d  r e p r e s e n t s  h i s  r e s u l t s  u s i n g  t h e  u n i v e r s a l  
s c a l i n g  f u n c t i o n  ( E q n .  3 . 2 ) , w h i c h  r e p r e s e n t s  w e l l  t h e  a v a i l a b l e  d a t a  
f o r  i n c i d e n t  p r o t o n  e n e r g i e s  i n  t h e  r a n g e  2 0  I c e V —- 2 8  M e V .  T h e  e x p r e s s i o n  
f o r  cri o b t a i n e d  b y  G a r c i a  f o r  K - s h e l l  i o n i s a t i o n  s h o w s  t h a t  t h e  v a r i a t i o n  
o f  ( E ^ / l ^ ) , w h e r e  i s  t h e  K - s h e l l  i o n i s a t i o n  e n e r g y ,  w i t h  t h e  p r o d u c t  
( c r i l j ^ )  i s  d e s c r i b e d  b y  a  u n i v e r s a l  f u n c t i o n  i n d e p e n d e n t  o f  o t h e r  t a r g e t -  
a t o m  p a r a m e t e r s  ( F i g .  3 . 2 ) .
F o r  t h e  p u r p o s e s  o f  i n t e r p r e t i n g  t h e  r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  
w o r k ,  t h e  s e m i - e m p i r i c a l  e x p r e s s i o n  f o r  i o n i s a t i o n  c r o s s - s e c t i o n ,  ct^ ,  a s  
d e t e r m i n e d  b y  A k s e l s s o n  a n d  J o h a n s s o n  ( 1 9 7 4 )  a n d  J o h a n s s o n  a n d  J o h a n s s o n  
( 1 9 7 6 )  w a s  u s e d .  T h i s  m a y  b e  e x p r e s s e d  t o  b e t t e r  t h a n  1% a s  a  f i f t h - d e g r e e  
p o l y n o m i a l  o f  t h e  f o r m :
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V a r i a t i o n  o f  i o n i s a t i o n  c r o s s - s e c t i o n  ( a )  i n  cm  w i t h  i n c i d e n t
p r o t o n  e n e r g y  ( E )  a n d  K - s h e l l  b i n d i n g  e n e r g y  ( U K > i n  k e V
( G a r c i a ,  1 9 7 0 )
F i g  3 . 2
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A n C c r . l f )  =  7 b  .
l  k '  n
n=0
&n
E m
T? • W  • 1 0 ' 3
' k  P
n
3 . 3
w h e r e  m /M =  r a t i o  o f  e l e c t r o n  m a s s / p r o t o n  m a s s  
e  p  v
b Q =  2 . 0 4 7 1 0
b x =  ~  0 . 6 5 9 0 6  x  1 0 " 2
b  =  -  0 . 4 7 4 4 8  
2
b 3 =  0 . 9 9 1 9 0  x  1 C T 1
b ,  =  0 . 4 6 0 6 3  x  1 C T 1
4
b ,  =  0 . 6 0 8 5 3  x  1 0 “ 2
o
T h e  u n i t s  o f  E a n d  I .  a r e  e V ,  a n d  a .  i s  i n  u n i t s  o f  1 0 ~ 1 ^ c m 2 , 
p  k  9 i
A  c o m p r e h e n s i v e  l i s t  o f  e x p e r i m e n t a l  K - s h e l l  i o n i s a t i o n  c r o s s -  
s e c t i o n s  h a s  b e e n  c o m p i l e d  f o r  m a n y  e l e m e n t s  b y  R u t l e d g e  a n d  W a t s o n  
( 1 9 7 3 ) .
3 . 1 . 3  F l u o r e s c e n c e  y i e l d s
F o l l o w i n g  t h e  p r o d u c t i o n  o f  a  K - s h e l l  v a c a n c y ,  e l e c t r o n  t r a n s i t i o n  
m a y  g i v e  r i s e  t o  t h e  e m i s s i o n  o f  a  c h a r a c t e r i s t i c  X - r a y  p h o t o n .  A l t e r n a ­
t i v e l y ,  t h e  e n e r g y  l o s t  i n  t h e  t r a n s i t i o n  m a y  b e  d i r e c t l y  t r a n s f e r r e d  t o  
a n o t h e r  e l e c t r o n  i n  a  h i g h e r  s h e l l  r e s u l t i n g  i n  t h e  e m i s s i o n  o f  t h a t  
e l e c t r o n  a s  a n  A u g e r  e l e c t r o n  o f  e n e r g y  c h a r a c t e r i s t i c  o f  t h e  t r a n s i t i o n s  
w h i c h  h a v e  o c c u r r e d .  T h e  K - s h e l l  f l u o r e s c e n c e  y i e l d ,  w , i s  a  m e a s u r e  o f  
t h e  p r o b a b i l i t y  o f  a  r a d i a t i v e  t r a n s i t i o n  o c c u r r i n g  a f t e r  K - s h e l l  i o n i s a ­
t i o n  a n d  i s  i n d e p e n d e n t  o f  t h e  o r i g i n a l  m o d e  o f  i o n i s a t i o n .  T h e  p r o b a b i l i t y  
o f  a  r a d i a t i v e  t r a n s i t i o n  o c c u r r i n g ,  P ( R ) ,  v a r i e s  w i t h  Z a s  P ( R )  «  Z 4
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w h i l s t  t h e  p r o b a b i l i t y  o f  a  n o n - r a d i a t i v e  t r a n s i t i o n ,  P ( A ) ,  i s  a p p r o x i ­
m a t e l y  c o n s t a n t .  W r i t i n g  P ( R )  =  a Z ^
P ( A )  =  b
a ,  b  c o n s t a n t  l e a d s  t o  a n  e x p r e s s i o n  f o r  a s
P ( R )  _  1 _  b
“ K  P ( R ) + P ( A )  1 + a Z _ i ,  "  a
R a d i a t i v e  t r a n s i t i o n s  t o  t h e  t r i p l y - d e g e n e r a t e  L - s h e l l  a f t e r  
i o n i s a t i o n  m a y  b e  p r e c e d e d  b y  n o n - r a d i a t i v e  t r a n s i t i o n s  f r o m  o n e  s u b ­
s h e l l  t o  a n o t h e r  w i t h  l o w e r  e n e r g y .  T h e s e  t r a n s i t i o n s ,  n a m e d  C o s t e r -  
K r c n i g  t r a n s i t i o n s , m a y  o c c u r  b e t w e e n  t h e  L ^ j j  o r  L j j  s u b s h e l l  t o  t h e  
L j  s u b s h e l l  o r  f r o m  t h e  L j j j  s u b s h e l l  t o  t h e  L ^ j  s u b s h e l l  r e s u l t i n g  i n  
a  r e a r r a n g e m e n t  o f  t h e  o r i g i n a l  v a c a n c y  d i s t r i b u t i o n .  I n  t h e  c a s e  o f  
L - s h e l l  i o n i s a t i o n ,  c o m p u t a t i o n  o f  t h e  s u b s h e l l  f l u o r e s c e n c e  y i e l d s  
r e q u i r e s  a  k n o w l e d g e  o f  t h e  o r i g i n a l  s u b s h e l l  v a c a n c y  d i s t r i b u t i o n  a n d  
a p p r o p r i a t e  C o s t e r - K r o n i g  t r a n s i t i o n  p r o b a b i l i t i e s .  B a m b y n e k  e t  a l .
( 1 9 7 2 )  h a v e  p r o d u c e d  a  d e t a i l e d  r e v i e w  o f  f l u o r e s c e n c e  y i e l d s  a n d  
t r a n s i t i o n  p r o b a b i l i t i e s .  F i g .  ( 3 . 3 )  s h o w s  t h e  v a l u e s  o f  cr^ a n d  
u s e d  i n  t h e  p r e s e n t  w o r k ,  t h e  v a l u e s  o f  b e i n g  t h e  " m o s t  r e l i a b l e "  
v a l u e s  g i v e n  b y  B a m b y n e k  e t  a l .  a n d  a l s o  i n c l u d i n g  t h e  m o r e  r e c e n t  
t a b u l a t i o n  o f  F r e u n d  ( 1 9 7 5 ) .
T h e  u s e  o f  m o d e r n  s o l i d - s t a t e  X - r a y  d e t e c t o r s  h a s  e n a b l e d  t h e  
d e t e c t i o n  o f  r e s o l v e d  a n d  t r a n s i t i o n s  o n  a  r o u t i n e  b a s i s  f r o m  
e l e m e n t s  o f  Z 16  u p w a r d s .  F o r  a n a l y t i c a l  p u r p o s e s ,  a  k n o w l e d g e  o f  
t h e  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t y  o r  b r a n c h i n g  r a t i o ,  k ,  o f  o b s e r v e d  
t r a n s i t i o n s  i s  a l s o  n e e d e d .  T h e o r e t i c a l  e s t i m a t e s  o f  t h e  IC / K ft r a t i o
0& p
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NUMBER
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M ASS 
g .  MO I f f 1
2 M eV  
I O N I S A T I O N  
C R O S S - S E C T I O N  
a .  BARN
i
F L U O R E S E N C E
Y I E L D
WK
K a : K B
R A T I O
R - 1
C a 2 0 4 0 . 0 8 1 8 9 8 . 4 9 0 . 1 6 3 1 4 . 4 9
S c 2 1 4 4 . 9 6 1 3 0 9 . 4 5 0 . 1 9 0 1 2 . 0 8
T i 2 2 4 7 . 9 0 9 1 5 . 2 7 0 . 2 2 1 1 0 . 5 8
V 2 3 5 0 . 9 4 6 4 2 . 7 6 0 . 2 5 3 9 . 5 0
C r 2 4 5 2 . 0 0 4 5 4 . 9 0 0 . 2 8 3 8 . 8 1
Mn 25 5 4 . 9 4 3 2 4 . 0 1 0 . 3 1 3 8 . 2 0
F e 2 6 5 5 . 8 5 2 3 2 . 4 0 0 . 3 4 2 7 . 7 9
C o 2 7 5 8 . 9 3 1 6 8 . 2 8 0 . 3 6 6 7 . 5 9
N i 2 8 5 8 . 7 1 1 2 2 . 3 9 0 . 4 1 4 7 . 5 3
C u 29 6 3 . 5 5 8 9 . 7 2 0 . 4 4 3 7 . 4 7
Z n 3 0 6 5 . 3 7 6 5 . 9 1 0 . 4 7 9 7 . 4 0
G a 3 1 6 9 . 7 2 4 8 . 6 7 0 . 5 2 8 7 . 2 9
G e 3 2 7 2 . 5 9 3 6 . 1 0 0 . 5 5 4 7 . 1 7
A s 3 3 7 4 . 9 2 2 6 . 9 3 0 . 5 8 9 6 . 9 4
S e 3 4 7 8 . 9 6 2 0 . 1 9 0 . 5 9 6 6 . 6 2
B r 35 7 9 . 9 0 1 5 . 2 2 0 . 6 2 2 6 . 3 6
K r 36 8 3 . 8 0 1 1 . 5 0 0 . 6 6 0 6 . 1 2
Rb 3 7 8 5 . 4 7 8 . 7 4 0 . 6 6 9 5 . 9 5
S r 3 8 8 7 . 6 2 6 . 6 7 0 . 7 0 2 5 . 7 7
Y 3 9 8 8 . 9 1 5 . 1 1 0 . 7 1 1 5 . 5 8
Z r 40 9 1 . 2 2 3 . 9 3 0 . 7 3 0 5 . 4 4
N b 41 9 2 . 9 1 3 . 0 3 0 . 7 4 8 5 . 3 0
M o 4 2 9 5 . 9 4 2 . 3 5 0 . 7 6 4 5 . 1 8
T c 4 3 9 8 . 9 1 1 . 8 3 0 . 7 7 9 5 . 0 7
R u 4 4 1 0 1 . 0 7 1 . 4 3 0 . 7 9 3 4 . 9 6
Rb 45 1 0 2 . 9 1 1 . 1 2 0 . 8 0 7 4 . 8 7
P d 4 6 . 1 0 6 . 4 0 0 . 8 8 0 . 8 1 9 4 . 7 8
A g 4 7 1 0 7 . 8 7 0 . 6 9 0 . 8 3 4 4 . 7 4
C d 4 8 1 1 2 . 4 0 0 . 5 4 0 . 8 4 0 4 . 6 4
I n 49 1 1 4 . 8 2 0 . 4 3 0 . 8 5 0 4 . 5 6
S n 5 0 1 1 8 . 6 9 0 . 3 4 0 . 8 5 9 4 . 4 9
F i g  3 . 3
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h a v e  b e e n  d e r i v e d  b y  S c o f i e l d  ( 1 9 6 9 )  a n d  h a v e  b e e n  p r e s e n t e d  i n  t a b u l a r
f o r m  b y  S t o r m  a n d  I s r a e l  ( 1 9 7 0 ) .  E x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  t h e
K ^ / K g  r a t i o  f o r  a  w i d e  r a n g e  o f  e l e m e n t s  a r e  g i v e n  b y  H a n s e n  e t  a l .
( 1 9 7 0 ) .  T h e  v a l u e s  o f  H a n s e n  e t  a l .  a g r e e  w e l l  w i t h  S c o f i e l d s 1 v a l u e s
( F i g .  3 . 4 )  a n d  h a v e  b e e n  u s e d  b y  o t h e r  w o r k e r s  e n g a g e d  i n  a n a l y t i c a l
P I X E  a n a l y s i s  ( A k s e l s s o n  a n d  J o h a n s s o n ,  1 9 7 4 ) ( I s h i i  e t  a l . ,  1 9 7 4 ) .  T h e
p r o d u c t i o n  c r o s s - s e c t i o n ,  o , o f  a  p a r t i c u l a r  K - s h e l l  t r a n s i t i o n ,  K  ,
P  x
( x  =  a , 3 )  i n d u c e d  b y  p r o t o n s  o f  i n c i d e n t  e n e r g y  E m a y  b e  w r i t t e n  a s
P
t h e  p r o d u c t :
' a (E ) = a . ( E  ) ,uv .k 
p  p '  l  p  K  x
F o r  a n a l y t i c a l  p u r p o s e s ,  o n e  o n l y  r e q u i r e s  t h e  p r o d u c t i o n  c r o s s - s e c t i o n s ,  
a n d  a t t e m p t s  a r e  n o w  b e i n g  m a d e  t o  m e a s u r e  a c c u r a t e  a b s o l u t e  y i e l d s  f o r  
t h i s  p u r p o s e  ( B a r f o o t  e t  a l . , 1 9 7 8 ) .
3 , 1 . 4  P r o t o n  e n e r g y
T h e  m a j o r  c o n t r i b u t i o n  t o  b a c k g r o u n d  l e v e l s  o b t a i n e d  i n  P I X E  a n a l y s i s  
i s  d u e  t o  t h e  b r e m s s t r a h l u n g  p r o d u c e d  f r o m  t h e  s e c o n d a r y  e l e c t r o n s  w i t h i n  
t h e  t a r g e t .  T h i s  b r e m s s t r a h l u n g  h a s  a n  u p p e r  e n e r g y  l i m i t  o f  T ^ ^ .  g i v e n  
i n  E q n . ( 3 . 1 ) .  F o r  2 M e V  p r o t o n s ,  t h e  u p p e r  l i m i t  o c c u r s  a t  a n  e n e r g y  o f  
a b o u t  4 . 5  k e V  c o r r e s p o n d i n g  t o  t h e  IC^ e n e r g y  o f  T ^ ( Z  =  2 2 ) .  R e d u c t i o n  o f  
t h e  p r o t o n  e n e r g y ,  a l t h o u g h  r e d u c i n g  t h e  l e v e l  o f  s e c o n d a r y  e l e c t r o n  
b r e m s s t r a h l u n g ,  r e d u c e s  t h e  K - s h e l l  p r o d u c t i o n  c r o s s - s e c t i o n  a n d  h e n c e  
m a y  i n c r e a s e  t h e  o v e r a l l  d e t e c t i o n  l i m i t  o f  t h e  s y s t e m .  T h e  u s e  o f  2 M e V  
p r o t o n s  h a s  b e e n  s u g g e s t e d  a s  t h e  o p t i m u m  c h o i c e  f o r  m o s t  a n a l y s e s  
( H e r m a n  e t  a l . ,  1 9 7 3 )  ( J o h a n s s o n  a id  J o h a n s s o n ,  1 9 7 6 )  ( B a u e r  e t  a l . ,  1 9 7 8 )  
a l t h o u g h  e n e r g i e s  a s  l o w  a s  1 5 0  k e V  ( N e e d h a m  a n d  S a r t w e l l ,  1 9 7 0 )  a n d  a s  
h i g h  a s  1 5 0  M e V  ( M c K e e  e t  a l . , 1 9 7 6 )  h a v e  b e e n  r e p o r t e d  f o r  p a r t i c u l a r  
m e a s u r e m e n t s .  I n  t h e  p a r t i c u l a r  c a s e  o f  t h e  G u i l d f o r d  a n a l y s i s  s y s t e m ,
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V a r i a t i o n  o f  K3 : K a  r a t i o  w i t h  a t o m i c  n u m b e r ;
A )  E x p e r i m e n t a l  [ H a n s e n , 1 9 7 0 ]
B )  T h e o r e t i c a l  [ S c o f i e l d , . 1 9 6 9 ]
Fig 3.4
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2 M e V  p r o t o n s  w e r e  f o u n d  t o  p e n e t r a t e  t h e  c e l l u l o s e  a c e t a t e  m e m b r a n e  
f i l t e r  b a c k i n g s  w h i c h  r e s u l t e d  i n  g r e a t e s t  t o l e r a n c e  t o  t h e  b e a m  c u r r e n t  
s i n c e  i t  e n s u r e d  t h a t  t h e  h i g h  a m o u n t  o f  e n e r g y  d e p o s i t e d  i n  t h e  B r a g g  
p e a k  a t  t h e  e n d  o f  t h e  p r o t o n  r a n g e  o c c u r r e d  o u t s i d e  t h e  f i l t e r  b a c k i n g .  
T h e  t h e o r e t i c a l  2 M e V  p r o t o n  r a n g e  i n  t h e  c e l l u l o s e  a c e t a t e  f i l t e r s  m a y  
b e  c a l c u l a t e d  u s i n g  t h e  r a n g e - s u m m a t i o n  r u l e  ( G i l e s  a n d  P e i s a c h ,  1 9 7 7 ) :
R j ,  =  t o t a l  r a n g e  i n  m g . c m ” 2
W j  =  r e l a t i v e  w e i g h t  o f  m a t e r i a l  o f  r a n g e  R ^  m g . c m ” 2 . 
T a k i n g  t h e  f o r m u l a  o f  c e l l u l o s e  a c e t a t e  a s  
[ci2Hm°q(oc°cH3) 6]n 
t h e  r e l a t i v e  w e i g h t s  o f  C ,  0  a n d  H a r e :
R e l a t i v e
W e i g h t
R a n g e  m g . cm” 2
c 0 . 5 2 9 4 8 . 4 0 6
0 0 . 3 9 2 2 8 . 9 3 4
H 0 . 0 7 8 4 2 . 8 8 8
T h e  p r o t o n  r a n g e s  a r e  t a k e n  f r o m  N o r t h c l i f f e  a n d  S c h i l l i n g  ( 1 9 7 0 ) ,  a n d  
N u c l e a r  S c i e n c e  S e r i e s  r e p o r t  ( 3 9 )  ( 1 9 6 7 ) .  T h e  t o t a l  r a n g e  o f  2  M e V  
p r o t o n s  i n  t h e  b a c k i n g  i s  t h u s :  R ^  =  7 . 4 6  m g . c m “ 2 c o m p a r e d  w i t h  t h e  
a c t u a l  t h i c k n e s s  o f  t h e  f i l t e r s  o f  ( 6 . 4  ±  0 . 7 )  m g . c m ” 2 . B r e m s s t r a h l u n g  
m a y  a l s o  a r i s e  f r o m  t h e  d i r e c t  a c c e l e r a t i o n  o f  t h e  i n c i d e n t  p r o t o n  i n  
t h e  v i c i n i t y  o f  a  t a r g e t  n u c l e u s .  T h i s  c o n t r i b u t i o n  a l t h o u g h  s m a l l
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r e p r e s e n t s  t h e  m a j o r  b a c k g r o u n d  c o m p o n e n t  a b o v e  t h e  s e c o n d a r y  e l e c t r o n  
b r e m s s t r a h l u n g  ( F o l k m a n n  e t  a l . ,  1 9 7 4 ( a ) ,  1 9 7 4 ( b ) ) .  A t  s l i g h t l y  
h i g h e r  e n e r g i e s ,  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  o f  e l e v a t e d  b a c k g r o u n d  l e v e l s  
d u e  t o  C o m p t o n  s c a t t e r i n g  i n  t h e  s a m p l e  o f  y - r a d i a t i o n  f r o m  e x c i t e d  
n u c l e a r  l e v e l s ,  p a r t i c u l a r l y  t h r o u g h  ( P , y ) ,  ( P ,  P ’ y )  a n d  ( P , a y )  r e a c t i o n s  
i n  s u r r o u n d i n g  m a t e r i a l s .  I n  p a r t i c u l a r  t h e  u s e  o f  a l u m i n i u m  i n  t h e  
r e g i o n  o f  t h e  s a m p l e  m a y  r e s u l t  i n  y - r a y  p r o d u c t i o n  f r o m  t h e  2 7 A 1 ( P , y ) 2 8 S i  
r e a c t i o n  a t  t h e  =  1 . 8  M e V  r e s o n a n c e  ( A n t t i l a  e t  a l . ,  1 9 7 7 ) .
3 . 2  T h e  G u i l d f o r d  A c c e l e r a t o r
3 , 2 . 1  O p e r a t i o n
T h e  a c c e l e r a t o r  o n  w h i c h  t h e  G u i l d f o r d  a n a l y s i s  s y s t e m  i s  b a s e d  
i s  a  V a n  d e  G r a a f f  a c c e l e r a t o r  d e s i g n e d  f o r  c o n t i n u o u s  o p e r a t i o n  a t  2  MV 
a n d  l i m i t e d  o p e r a t i o n  a t  2 . 2  M V .  T h e  a c c e l e r a t o r  i s  m o u n t e d  h o r i z o n t a l l y  
a n d - i s  e q u i p p e d  w i t h  a n  a n a l y s i n g  m a g n e t  c a p a b l e  o f  d e l i v e r i n g  t h e  p r o t o n  
b e a m  t o  a n y  o n e  o f  f i v e  e x p e r i m e n t a l  b e a m - T i n e s .
3 . 2 . 2  B e a m  l i n e  a s s e m b l y
T h e  n u m b e r  ( 1 )  b e a m  l i n e  a t  3 0 °  t o  t h e  a c c e l e r a t o r  a x i s  w a s  
u t i l i s e d  f o r  t h e  c u r r e n t  p r o j e c t .  T h i s  l i n e  c o m p r i s e s  t w o  s e c t i o n s  e a c h  
w i t h  t h e i r  o w n  v a c u u m  s y s t e m ,  s e p a r a t e d  b y  a  m a n u a l l y  o p e r a t e d  g a t e  
v a l v e .  F i g .  ( 3 . 5 )  s h o w s  a  s c h e m a  o f  t h e  l i n e  f r o m  t h e  a n a l y s i n g  m a g n e t  
t o  t h e  s a m p l e  t a r g e t  c h a m b e r .  T h e  b e a m  s i z e  i s  d e f i n e d  b y  t w o  i n d e p e n d e n t  
p a i r s  o f  e x t e r n a l l y  a d j u s t a b l e  c o l l i m a t o r s  w i t h  s l i t s  m a d e  o f  b r a s s .
E i t h e r  p a i r  o f  c o l l i m a t o r s  m a y  b e  u s e d  t o  s t a b i l i s e  t h e  b e a m  d u r i n g  
n o r m a l  r u n n i n g  c o n d i t i o n s ,  b u t  i t  w a s  f o u n d  t h a t  r e l i a b l e  b e a m  s t a b i l i t y  
c o u l d  o n l y  b e  o b t a i n e d  a t  l o w  p r o t o n  c u r r e n t s  ( ' v  1 0  n A  o v e r  2  mm x  2  mm)
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by using the collimators furthest from the magnet and a w e ll defocussed 
beam. The beam shape was monitored by insertable quartz viewers coated 
with 150 mg.cnT2 Au/Pd a lloy  to leak the proton current from the quartz 
to earth.
3.2.3 Vacuum system
The vacuum system which maintains the beam line at a pressure of 
b e tte r  than 10” 5 torr comprises two rotary pumps, one 2" o i l  d iffu sion  
and one 2" mercury d iffu sion  pump assemblies f i t t e d  with liqu id  nitrogen 
cold traps. The lin e  is  iso la ted  from the accelerator and from the 
target chamber by two fast-actin g  pneumatic gate valves (0.5 s fu l l -  
closure tim e). The gate values were inserted to protect the accelerator 
vacuum system in the event o f a serious leak developing in the lin e 
assembly. In particu lar, the p o s s ib ility  ex ists of the rupture o f the 
thin X-ray e x it  window in the target chamber (section  3 .4 .6 ). The e f fe c t  
o f such a rupture was investigated  by de libera te ly  puncturing the window 
during a tes t run. In this extreme case, actuation o f the sa fety  valves 
when the pressure, as detected by Penning gauges, rose above 10“ 5 to rr 
resulted in the f in a l pressure in the lin e  reaching 0.1 to rr . The sa fety 
values were operated in fa i l- s a fe  mode resu lting in closure i f  th e ir 
pneumatic a ir  pressure dropped, th e ir mains supply fa ile d , or i f  the lin e  
pressure rose. To reduce the e ffe c ts  o f vibration  in the target chamber 
induced by the rotary pump, connections to the lin e  and d iffu sion  pump were 
made v ia  long lengths o f f le x ib le  rubber vacuum tubing.
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3.3.1 Chamber characteristics
The target chamber in which the f i l t e r  samples were analysed was 
constructed from stain less s te e l in the form o f a seamless tube 
measuring 61 cm long by 18 cm in ternal diameter. This outer casing 
was mounted h orizon ta lly  with it s  axis normal to the proton beam 
d irection . Four vacuum flanges were mounted on the chamber; these flanges
allowed the coupling o f the chamber to the beam lin e , the insertion  o f a
Faraday cup assembly and the mounting o f a thin X-ray e x it  window.
F ig. (3 .6 ) shows the layout o f the chamber with respect to the target,
Faraday cup and X-ray detector. The in ternal components o f the chamber were 
constructed in aluminium fo r  lightness and to reduce possib le in terference 
from scattered-proton or Y“ ray induced fluorescence. The contribution 
o f "chamber background" to the to ta l X-ray background detected during 
routine analysis has been discussed by Herman e t a l. (1973) who conclude 
that under certain operating conditions this background may not be 
in s ign ifica n t. To reduce fluorescent production of X-rays in the chamber 
materials in the d irection  of the X-ray detector by the characteris tic  
radiation  produced in the sample, the so lid  angle of the emergent X-rays was 
defined by pure Nylon-66 collim ators.
3.3.2 Sample holder
For analysis, the samples obtained from the streak sampler were 
mounted in a sample holder which held the f i l t e r s  at an angle o f 45° to 
the incident proton beam (F ig . (3 .6 ) ) .  This sample holder was then 
mounted in the target chamber on a gu ide-ra il system which ensured
3 . 3  T a r g e t  C h a m b e r
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Cross-section o f the PIXE analysis target chamber showing the 
detector and Faraday-cup geometry
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reproducible target location and hence reproducible irrad ia tion  and 
counting geometry. The to ta l time between removal o f the filter-sam ple dust 
cover and sealing o f the sample in the target chamber was about 1 minute to 
minimise possible contamination from dust in the laboratory. A fte r  the 
analysis o f a particu lar d iscrete region o f the sample, movement o f the 
sample to the next region o f in teres t was achieved by means o f a lead- 
screw drive coupled to a drive motor and reduction gearbox. The pitch o f 
the leadscrew on the sample changer was 26 TPI, equal to the pitch o f the 
leadscrew on the o r ig in a l sampler. This ensured that one revolution o f 
the leadscrew was equivalent to moving the sample a distance corresponding 
to a temporal change o f one hour. Both the motor (Crouzet type 82.480) 
and gearbox (Wheeldrive model P) were contained w ithin the target chamber 
and hence within the vacuum system. To overcome the p o s s ib ility  o f target 
contamination by vaporising lubricants from the drive system under vacuum, 
the motor and gearbox assembly was manufactured as a 1 -o ff, lubricant free 
assembly fo r  vacuum use by Wheeldrive Ltd. The leadscrew rotated at a 
rate o f 12 RPM and was automatically switched o f f  a fte r  every revolution 
by a simple adjustable cam arrangement fixed  to the end o f the leadscrew 
which operated a micro-switch interrupt in  the motor power supply. E le c tr ica l 
connections to the motor and a micro-switch override connection to permit 
further sample-changing x^ere made through the target chamber by means o f 
P.E.T. vacuum feedthroughs. The location  of the beginning of the sample 
in the proton beam was carried out by allowing the beam to strike a clean 
section o f the f i l t e r  sample using a high beam current o f 40 nA over a 
beam s ize  of 2 mm x 2 mm. The location of the resu lting darkened region 
with respect to the s ta rt o f the aerosol trace was then noted and the 
sample changer adjusted to locate the beginning o f the sample in the beam.
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This system, although time consuming, was found to be more accurate 
than re ly ing  on purely geometrical target location,
3.3.3 Secondary electron suppression
Provision was made on the,sample holder for the attachment o f a 
secondary electron  suppressor to in vestigate the e f fe c t  o f suppressing 
any secondary electrons leaving the target in a forward d irection ; such 
electrons may strike  parts o f the target chamber v is ib le  to the X-ray 
detector thus contributing to the low energy background region of the 
recorded spectra. The suppressor was made o f thin brass sheeting coated 
in graphite and situated 10 .mm in  fron t o f the sample surface. Spectra 
from clean cellu lose acetate f i l t e r s  were recorded fo r  d iffe ren t suppressor 
voltages ranging between + 250 V.dc and -  250 V.dc, For no supressor 
voltage in this range was any s ign ifican t reduction in  the low-energy 
background spectrum noticed, confirming that the secondary electron  
bremsstrahlung was being produced en tire ly  within the bulk of the f i l t e r .
In cases where the proton current is  being monitored by measurement of the 
leakage current from thick targets, the increased current measured due to 
secondary electron  emission from the target may be up to a factor 1.3-1.6 
above the true target current (Dyson, 1973). The use o f secondary electron 
suppression is  also relevant to accurate integration o f proton currents 
using Faraday cup assemblies behind thin targets (section  3 .3 .5 ).
3.3.4 Specimen charging
Early measurements on the Guildford f i l t e r  samples showed very poor 
detection lim its due to intense background leve ls  extending up to 'v 20 keV. 
Count—rates obtained at the detector using a nominal 10 nA proton beam at
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2 MeV varied during an individual analysis between 20 cs-1 and 500 cs-1 . 
In vestigation  showed that the e f fe c t  was due to acute charging o f the 
sample under irrad ia tion  producing interm ittent discharge bremsstrahlung. 
The drastic decrease in s e n s it iv ity  due to specimen charging has been 
noted by Ahlberg e t a l. (1975) who suggest the use o f a heated filament 
forming an "e lectron  gun" to spray the sample with electrons thus reducing 
charging e f fe c ts . Confirmation o f this charging e f fe c t  was obtained by 
coating samples o f clean cellu lose acetate f i l t e r  and their associated 
perspex cassetts with a thin coat o f carbon from an Edwards vacuum 
coating unit. This carbon coating produced a leakage path to earth for 
any charge build-up on the sample resu lting in the complete removal o f the 
discharge bremsstrahlung. However, the use of carbon-coating to reduce 
sample charging does not represent a sa tis factory  operating condition 
fo r  quantitative analysis due to the p o s s ib ility  o f target contamination 
by trace elements in the carbon coating. In particu lar, contamination o f 
clean f i l t e r s  by iron was found to occur in most cases o f carbon-coating. 
This degree o f contamination was never reproduceable due to the in a b ility  
to produce carbon-coats o f constant thickness from sample to sample. The 
elim ination o f specimen charging without the risk  o f contamination was 
found to be possible in the case o f the f i l t e r  samples by attaching a 
s tr ip  o f aluminium conductivity tape to the perspex cassette and then 
making contact between the tape and f i l t e r  sample with a small quantity 
of c o llo id a l graphite at some point w e ll removed from the areas o f 
in teres t fo r analysis. Elimination of specimen charging was found to 
work fo r a l l  f i l t e r  samples using this technique and suggests that the 
charge build-up was due prim arily to the perspex cassettes acting as an 
insulator be tween the f i l t e r  samples and earth. F ig . (3.7a) shows the 
spectrum obtained from a used f i l t e r  analysed for 200 s with a 10 nA
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Spectra obtained from the analysis o f aerosol samples showing 
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proton beam at 2 MeV showing acute charging. This may be compared with 
the spectrum obtained from a used f i l t e r  earthed as described (F ig .
3.7b).
The major lim ita tion  encountered in the rate at which analysis could 
be carried out was due to specimen damage by heating. The ce llu lose 
acetate f i l t e r s  used are poor thermal conductors and as a resu lt the 
energy deposited in them by proton straggling could only be dissipated 
in vacuo by rad ia tive processes. I t  was found that the thermal damage 
caused to the f i l t e r s  by the proton beam could be c la s s if ie d  into two 
types. The use o f low proton currents * o f < 5 nA at a flu x  o f 
a, 120 nA cm-2 produced noticeable d iscoloration  of the region under 
analysis a fte r  only a few seconds. A fte r  this period, no further 
d iscoloration  occurred even when analysis continued fo r 103 seconds. 
Subsequent electron  microscopy o f the surface showed no serious 
d issin tegration  o f the f i l t e r  structure (F ig . 3 .8 ). The use of high 
proton currents o f 'v 30 nA at a flu x  o f 'v 700 nA cm” 2 produced much 
d iscoloration  at the point o f analysis, usually resu lting in some 
g la s s ific a t io n  o f this region and occasional rupture. . Electron micro­
scopy o f such regions showed that in fa c t the region under analysis 
had started to melt (F ig . 3 .9 ). At currents inbetween these values, the 
onset o f some sample damage occurred i f  the samples were l e f t  in the 
beam long enough. F ig. (3.10) depicts the approximate current/time 
relationsh ip  before serious target damage occurs and shows the normal 
operating region used fo r the routine analysis o f the f i l t e r  samples. 
Herman et a l. (1973) discuss the deformation o f thin p la s t ic  films due 
to heating e ffe c ts  in their review of suitable target backings fo r  PIXE 
analysis.
-  72 -
1 jJ m
Surface o f Sartorius Membranfilter showing n eg lig ib le  damage a fte r  
irrad iation  using a low beam current o f lOnA
F i g  3 . 8
1 0  p m
Surface of Sartorius MembranfiIter showing appreciable damage a fte r  
irrad iation  using a high beam current of 60nA
F i g  3 . 9
~  7 4  -
TIME 
SECONDS x 102
Variation o f specimin damage with time and beam current 
Region (1) N eg lig ib le  damage 
Region (2) Limited damage 
Region (3) Serious damage
F i g  3 . 1 0
-  7 5  -
The p o ss ib ility  o f sample vo la ta lisa tion  due to beam heating 
has been discussed by many authors. Campbell e t a l. (1974, 1975) report 
no measurable vo la ta lisa tion  of elements from b io lo g ica l and evaporated- 
liqu id  samples under their normal running conditions w h ilst sim ilar 
resu lts are drawn by Johansson et a l. (1975) fo r aerosol samples under 
routine running conditions. Measurements by Valkovic and P h illip s  (1975) 
are in disagreement with these findings when applied to the analysis o f 
particu lar b io lo g ica l samples. Measurements on the Guildford f i l t e r  
samples showed that under normal running conditions, no measurable loss 
o f elements o f in terest occurred as is  shown in F ig . (3 ,11 ).
3.3.5 Current in tegration
Measurement o f the integrated beam current was made using a Faraday 
cup assembly with e le c tro s ta t ic  secondary electron suppression, located 
as shown in F ig . (3 .6 ). The Faraday cup was situated d ire c tly  behind the 
sample and subs tended an entrance so lid  angle of % 0.3 sr at the sample-. 
The e x it  so lid  angle subtended at the back of the Faraday cup to possible 
secondary electrons was 'v 5 x I0 "3sr. The cup was connected to a model 
P70/2 current in tegrator v ia  screened coaxial cables connected through 
the target chamber wall by a P.E.T. vacuum feedthrough. Calibration o f 
the in tegrator was carried out using a high precision  constant current 
source to an accuracy o f b e tter than 1%. Some d if f ic u lty  was obtained 
early  on in measuring currents of the order 10 nA with the electron  
suppressor connected due to stray beam-independent currents o f 30 nA 
saturating the s igna l. Measurement of the D.C. leakage current at 
poten tia l up to 5 kV between the suppressor and cup showed that suppressor 
leakage was not the cause. More deta iled  examination o f the suppressor 
D.C. supply (-  300 V) showed the presence of a 25 mV ripp le which may have
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inductively coupled to the Faraday cup. Removal o f the stray current was 
obtained by increasing the thickness o f fib re  insu later between the 
suppressor and cup to 5 mm. Choice o f the suppressor operating vo ltage 
was made by measuring the integrated charge co llected  by the cup fo r  a 
given period (100 s) as a function o f suppressor vo ltage. The ca lib ration  
shown in F ig . (3.12) was obtained ind icating that, fo r  p os itive  suppressor 
vo ltages, secondary electrons were being removed by the suppressor w h ils t 
fu l l  suppression o f secondary electrons occurred fo r  negative suppressor 
voltages greater than 50 V. During subsequent current in tegrations, 
the suppressor was maintained at -  150 V.dc.
3.3.6 X-ray window
The X-rays produced during analysis l e f t  the target chamber in a
(K)w ell-defin ed  geometry through a Kapton ^  e x it  window. Kapton film  of 
high purity is  read ily  availab le and comprises the low-Z elements G, 0,
H, N only. As such i t  is  w idely used in situations where thin films are 
required fo r  quantitative ana ly tica l processes (F locch in i e t a l. 1972).' 
Measurements using d iffe ren t film  thicknesses and d iffe ren t e x it  window 
diameters showed that a window o f thickness 7.6 x 10” 2mm could maintain 
a vacuum o f lO” 5 torr across a diameter o f 4 cm with n eg lig ib le  p o s s ib ility  
o f rupture. The attenuation o f X-rays through the window was measured 
in s itu  using a standard radioactive-source assembly from the Radio­
chemical Centre (source AMC 2084) in place o f the f i l t e r  target assembly.
The attenuation curve o f the window as a function o f X-ray energy is  shown 
in F ig . (3 .13 ), showing the onset o f noticeable attenuation o f v 10% at 
an X-ray energy o f ^ 8 keV. The use o f a thinner Kapton film  to reduce 
attenuation was not possib le because o f the large diameter o f the e x it  
window necessary to take fu l l  advantage o f the large-area X-ray detector 
employed, A deta iled  discussion o f th is detector and associated e lectron ics 
and data processing is  presented in Chapter 4.
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C H A P T E R  4
X-RAY DETECTION
The energy-dispersive detection o f X-ray photons from known 
sources-may be conveniently carried out using standard proportional-^ 
counter techniques as illu s tra ted  by the measurements o f fluorescence 
y ie ld s  by Hagedoorn and Wapstra (1960), and production cross-sections 
by B issinger e t a l.  (1970), however the poor resolution o f such 
detectors, typ ica lly  1 keV at 5.9 lceV, severely lim its th e ir application 
to the detection of characteris tic  X-rays from environmental samples 
which may, a fte r  exc ita tion , emit discrete X-rays from groups of 
neighbouring elements c lose ly  spaced in  energy. For these more complex 
spectra, commercial so lid -s ta te  detectors have been developed in 
recent years fabricated from lith ium -drifted  s i l ic o n , .S i ( L i ) , or 
germanium, G e (L i), or a lte rn a tive ly  in tr in s ic  germanium forming the 
active detection medium, although some in terest has been shown in 
using the higher atomic number m aterial cadmium te llu r id e , CdTe, 
pa rticu la rly  fo r  high energy X-ray detection (Mann, 1972) . Low energy 
photon measurements are s t i l l  o ften  carried out using sophisticated 
proportional-counter techniques (Freund e t a l . ,  1972) or wavelength^ 
d ispersive detection systems (F itzgera ld  and Gantzel, 1971).
4.1 Detector Characteristics
4.1.1 Detector type
The detection of X-rays from the aerosol samples analysed at 
Guildford was carried out using a Ge(Li) detector with a nominal 
volume of 4 cm3. The detector was manufactured by Princeton Gamma Tech.,
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PGT, and loaned to the University by the Rutherford Laboratory.
The detector crysta l was situated behind a beryllium window o f 
diameter 5 cm of unknown thickness, and mounted on a cold finger 
inclined at an angle o f 45° enabling the detector to operate e ither 
horizon ta lly  or v e r t ic a lly  by su itable orientation  of the detector/ 
cryostat assembly. A code-number, not traceable by PGT, indicated 
that the detector has an active surface area o f 300 mm2. Signals were 
extracted from the detector v ia  a cooled pre^-amplifier incorporating 
pulsed optical-feedback (POF). Fu ll d eta ils  of the operation of 
this type o f detection and am plification  system have been described 
in review a rtic le s  by Goulding and Stone (1970), and Goulding and 
Jaklevic (1973).
The location o f the detector with respect to the target chamber 
e x it  window is  shown in F ig. (3 .6 ), A gap o f 10 mm was l e f t  between 
the. surface o f the detector window and the base of the e x it  window 
port to minimise the p o s s ib ility  o f the thin beryllium window on the 
detector fracturing in the event of the Kapton X-ray e x it  window 
rupturing under vacuum, which would cause a sudden pressure drop above 
the detector. The characteristics o f the detector were measured and 
are described in d e ta il in section (4 .1 .4 ).
4,1,2 Detector e lectron ics
Signals from the POF pre-am plifier output were amplified and 
shaped by a Canberra 1413 main am plifier to g ive a unipolar, p os itive  
D.C, coupled output in the range 0-10 V, corresponding to incident 
photons at the detector in the range 0-33 lceV. The use o f a POF
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pre-am plifier, however, results in spurious pulses being output to 
the main am plifier during those periods when the pre-am plifier base’-' 
lin e  is  being restored. These pulses may show up as spurious photon 
peaks in the f in a l spectrum and in te rfe re  with the true X-ray peaks, 
and so must be removed. The pre-am plifier used on the detector was 
equipped with an inh ib it-pu lse output which produced a + 5 V B.C. 
pulse during the reset period. The in h ib it pulse from this output 
was used to tr igger  a Canberra 1451 linear gate and delay unit 
operating in anticoincidence mode. Output pulses from the main 
am plifier were passed through the gate unit before being connected to 
the ADC o f the multichannel analyser. The operating voltage of the 
detector was maintained at -  1600 V.dc by a J and P NM-235 high 
voltage supply with current lim ite r . The optimum operating conditions 
o f the shaping am plifier and gate/delay unit were established 
experimentally by examination o f the measured resolution o f spectra 
from a standard source. I t  was found that an optimum peak to va lley  
ra tio  o f 11.3 (r e la t iv e  to the Ka peak) fo r the Fe Ka,K0 X -^ray doublet 
obtained from the decay o f 57Co was obtained, at a countr.ate o f 600 c sec”  
at the detector, fo r  a pulse-shaping time-constant o f 2 ys , This ra tio  
decreased, at constant countrate, to 4.8 at 8 ys time constant and 8.7 
at 0.5 ys time constant. A minimum gating time o f 5 ys with zero delay 
was found necessary to fu lly  in h ib it reset pulses from the pre-am plifier 
Processing o f the shaped pulses was carried out by a Northern S c ie n t if ic  
NS.623 50 MHz ADC and fed in to a computer-based multichannel analyser.
-  83 -
4.1.3 Data acqu isition
The analysis o f a large number o f d iscrete samples in  a lim ited 
time, as is  the case fo r  time-resolved aerosol samples, requires a 
data storage system capable o f fa s t storage to minimise waste of 
valuable accelerator time. For this reason, a multichannel analyser 
(MCA) based on a Data General Nova minicomputer was used to acquire 
and' store the spectral information obtained from each analysis. This 
MCA has programmable f a c i l i t i e s  fo r  recording into 1024 channels fo r  
a preset l iv e  or clock time and fo r  acquiring up to 76 separate spectra. 
A fte r  each analysis, the data acquired* is  automatically w ritten  away 
to a ( f le x ib le )  magnetic disc (floppy-d isc ) and the memory and clocks 
reset ready fo r further analysis. The time taken to store each 
spectrum on disc and reset the analysis program is  o f the order o f 
one second. A sim ilar and more sophisticated computer based analysis 
system has been described by Harrison and Eldred (1974) fo r  the on-line 
PIXE analysis o f aerosol samples, capable of the complete analysis of
1,000 samples in 36 hours.
4.1.4 Detector ca lib ration
As no deta ils  were ava ilab le on the exact detector crysta l s ize  
and position  in  the detector casing, experiments were conducted to 
measure these parameters. The e f fe c t iv e  diameter o f the crysta l was 
measured at X-ray energies o f 5.9 keV (MnKa) and 31 keV (CsKa) using 
55Fe and 133Ba respective ly  as standard sources. Each source was held 
above a lead collim ator of diameter 1.6 mm and depth 25 mm 
The base o f the collim ator was held 10 mm from the surface o f the
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detector window. The collim ator was then made to traverse the detector 
d iam etrically at in terva ls  o f 1,6 mm and a spectrum recorded at 
each point fo r  a live-tim e o f 200 s. A fte r  background subtraction, 
obtained by lin ear in tegration  from points each side o f the photo­
peak, the integrated photopeak area was p lotted  as a function o f 
pos ition  to y ie ld  the response curves shown in F ig . (4 .1 ). I t  was 
found that the e f fe c t iv e  detector diameter when taken as the fu l l  
width at h a lf the maximum response was 15 mm ± 1 mm at 5.9 keV and 
17 mm ± 1 mm at 31 keV.
The varia tion  of detector response with energy at the edges of 
so lid -s ta te  detectors has been discussed by Richard e t  a l . (1970) who 
suggest that this is  due to the rapid increase in dead-layer thickness 
at the edges o f the detector. To examine this p o s s ib ility  in the case 
o f the Ge(Li) detector used, measurements o f the detector response to 
122 lceV y-rays from 57Co were taken along the side o f the detector 
housing using the 1.6 mm lead collim ator assembly mounted 10 mm 
from the side o f the detector. This response curve is  shown in  F ig. (4 .2 ) 
and shows the region o f maximum s en s it iv ity  as occurring 9.5 ± 0.5 mm 
from the surface o f the detector window. The so lid  angle subtended at 
the sample by the e f fe c t iv e  area o f the detector was estimated to be 
1 ± 0.2 x 10“ 2sr.
Energy ca lib ration  o f the detector was carried out using 55Fe,
2lflAm, 57Co and also a variab le  energy X-ray source (Radiochemical Centre, 
type AMC 2084) at countrates not exceeding 1,000 counts s*"1. A linear 
ca lib ra tion  between photon energy (Ekey) and channel number (CH) was
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obtained, fo r  constant am plifier gain and EHT settin gs, obeying the 
re la tion :
E, „  = (CH/31.85) + 0.2 4.1keV
This ca lib ra tion  was maintained fo r  each analysis by settin g  the 
detector bias to -  1600 V.dc and adjusting the am plifier fin e  gain 
to locate the 17.4 keV MoKa photopeak from a standard source in channel 
548. The s ta b il ity  o f the detector and associated e lectron ics was 
checked by recording a standard spectrum every 15 minutes fo r  a period 
o f 8 hours. The maximum photopeak d r i f t  recorded was ± 1 channel with 
no change in  the measured resolution o f 310 eV at 5.9 keV.
4.1.5 E ffic ien cy  determination
To obtain absolute quantitative results from a system based on 
X-ray detection , an accurate determination of the detection e ffic ien cy  
as a function of photon energy is  required. In most cases, e ffic ien cy  
ca librations are carried out using radioactive sources o f known a c t iv ity  
and geometry. Hansen e t a l. (1973) g ive a deta iled  discussion o f the 
th eoretica l and experimental determination o f so lid -s ta te  detector 
e ff ic ie n c ie s  in the region 3-100 lceV and provide a useful compilation 
o f standard ca lib ration  sources and th e ir associated photon energies.
A second method used to obtain quantitative ana lytica l results 
is  by d irect comparison with resu lts obtained from samples containing 
known concentrations o f elements o f in teres t. To obtain quantitative 
resu lts from the analysis o f the Guildford aerosol samples, i t  was 
decided to base the analysis on the comparison o f results with known
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standards. This was done in d irec tly  by using the known standards to 
ca lib rate the detector e ff ic ien cy  and then using this ca lib ration  to 
re la te  the results obtained from the analysis o f unknown samples back 
to the known standards.
The in tr in s ic  e ff ic ien cy  o f the detector, including its  end- 
window assemby, had been measured previously by the Rutherford high- 
energy laboratories (RHEL). The RHEL calibration  was made using 
standard rad ioactive sources and indicated that the detector had peak 
e ffic ien cy  o f /v 87% at 60 keV dropping rapidly to •v 0% at 8 keV and 
ta il in g  to ^ 10% at 300 keV (F ig . 4 .3 ). To examine in  more d e ta il the 
low-energy e ffic ien cy  o f the detector, especia lly  around the Ge 
K-absorption edge at 11.1 keV, standard fo i ls  were made and used as 
targets fo r PIXE analysis. An in i t ia l  experiment was conducted by 
depositing a thin layer o f pure titanium onto a 47 mm diameter Nuclepore 
polycarbonate film . The deposition was carried out in  an Edwards 306 
vacuum coating unit at a pressure o f 'v* 10“ 5 to rr . The titanium, in 
the form o f titanium sponge (Koch-Light L td .),  was supported in a 
tungsten c o il  boat at a distance o f 20 cm from the Nuclepore backing 
and heated to evaporation by passing a current through the tungsten. 
A fte r  evaporation, the coating unit b e l l- ja r  was brought to atmospheric 
pressure using argon to minimise possible surface oxidation of the f o i l .  
The f o i l  was then transferred in a dessicator to the accelerator 
laboratory and mounted in the target chamber. The uniform ity o f the 
deposit was measured by analysing an area o f 3 mm2 on the surface of 
the f o i l  using a nominal 5 nA proton beam at 2 MeV. These measurements 
were repeated at the centre and extreme edge o f the f o i l  and each X-ray 
spectrum and its  associated integrated beam current recorded. The 
titanium K-shell photopeak area normalised to the integrated beam
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current showed no varia tion  across the f o i l  to within the s ta t is t ic a l 
photopeak area varia tion , indicating that vacuum coating using the 
same geometry would be suitable fo r manufacturing standard fo i ls  
o f constant areal density.
Eight elements were selected to use as reference f o i l s ,  these
were:
Element X-ray Energy keV
1) Ca Ka/3 = 3.69
2) Ti Ka/3 = 4.55
3) Fe Ka = 6.40
4) Cu Ka = 8.04
5) Br Ka = 11.91
6) Pd Ka = 21.12
7) Sn Ka = 25.12
8) Pb La - 10.54
The palladium used was in the form of a pure gold/palladium a lloy  in 
the ra tio  Au:Pd = 3:2, and the bromine was in the form o f calcium 
bromide. The lead f o i l  was included to give a d irect s en s it iv ity  
ca lib ration  point fo r subsequent lead analysis and was not used as a 
ca lib ration  point fo r  the detector e ffic ien cy  (section  4 .2 .4 ). The 
Nuclepore backings were each dried in a desiccator and the ir weights 
obtained by m ultiple weighings on a Sartorius microbalance weighing 
to ± 10 jig. Some attempt was made at weighing the f i l t e r s  to ± 1 yg 
using a Kahn electrobalance but s ta t ic  charging of the balance pan by
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the Nuclepore backing resulted in non-repeatable weighings. The 
nominal weight o f the backings was found to be about 19 mg.
The production o f a calcium f o i l  standard was attempted by 
vacuum coating but although the f o i l  was stable under vacuum and an 
argon atmosphere, exposure o f the f o i l  to a ir  resulted in the rapid 
oxid isation  o f the calcium and its  loss from the backing m aterial. The 
vacuum evaporation o f the calcium bromide was also found to be impossible 
due to the d i f f ic u lty  in in it ia t in g  evaporation without d issociation .
A calcium bromide target was prepared, however, by evaporating d ilu te 
calcium bromide solution to dryness on the backing using in fra-red  
lamps. During the process, the solution covered the en tire  Nuclepore 
backing to ensure a uniform deposit. This evaporation resulted in no 
noticeable c ry s ta llin ity  in the fin a l deposit. The to ta l thickness o f 
the calcium bromide and polycarbonate matrix was measured to be 
1.66 mg cm“ 2, which was su ffic ie n t ly  thin to produce an energy degra­
dation o f only 'v 100 lceV in the proton beam at 2 MeV and not to attenuate 
BrKa X-rays more than ^ 15%. Each of the other standards was successfully 
coated onto the surface o f the Nuclepore using the tungsten c o il boat or, 
fo r  the evaporation o f the gold/palladium, a stra igh t tungsten filam ent. 
The backings were stored in  a glass desiccator p rior to weighing both 
before and a fte r  the coating operation. The coating thicknesses 
determined in this way ranged from 6.92 x 10~3mg.cm“ 2 ± 15% fo r  the iron 
f o i l  to 4.44 x 10_2mg.cm” 2 ± 10% fo r  the lead f o i l .  In the case o f the 
lead f o i l ,  the maximum energy degradation o f the proton beam in passing 
through the deposit was about 2 keV. Analysis o f the fo i ls  was carried 
out w ithin a few hours o f th e ir manufacture to minimise the risk  of 
contamination or oxid isation  in the atmosphere.
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The data acquired from the analysis o f the standard samples was 
not used d ire c tly  to ca lib rate the s en s it iv ity  o f the system, but 
was used to ca lib rate  the absolute e ffic ien cy  o f the detector by 
comparison with the th eoretica l X-ray y ie lds from the samples. The 
theoretica l K-shell X-ray y ie lds  were calculated using the relationship 
(Johansson and Johansson, 1976):
N = A.n.cr. .w^.k 4.2l  is.
where N = to ta l number o f Ka X-ray photons produced from sample
A = number of atoms per unit area in the sample
n = number o f protons passed through the sample
Cj = K -shell ion isation  cross-section for the element detected
= K-shell fluorescence y ie ld  fo r  the element detected
k = branching ra tio  o f the transition  observed.
The absolute e ffic ien cy  o f the detection system as a function o f photon 
energy was then calculated as the ra tio  o f the number o f Ka-photons 
detected to the th eoretica l Ka X-ray y ie ld . The value o f A was determined by 
taking the values o f atomic weight in g.mol” 1 from F ig . (3 .3 ) and 
Avogadros' number as 6.022 x 1023 atoms mol” 1 and converting the measured 
areal mass deposity to an areal number deposit. The value o f n was 
determined by converting the integrated charge passed through the 
sample to proton number by taking the unit charge as 1,6 x 10” 19C. The
values o f a . , av and k were taken from the lite ra tu re  as discussed in1 JX
section (3 .2 ).
Examination o f the absolute e ffic ien cy  curve obtained using this 
technique showed the existence o f the germanium K-absorption edge 
occurring as expected between the data points fo r  copper (8 keV) and 
bromine (11,9 keV ). To examine the e f fe c t  o f the absorption edge on 
the e ffic ien cy  curve i t  was necessary to use another f o i l  with a Ka X-ray 
ly ing just below the absorption edge. The most energetic Ka lin e  ly ing 
beneath the germanium absorption edge is  that from arsenic and so i t  
was. decided to construct a standard arsenic f o i l  by vacuum coating arsenic 
tr iox id e  from a molybdenum boat onto a pre-weighed Nuclepore substrate.
The coating was carried out at a pressure o f IO"-6 to rr , with the.arsenic 
tr iox id e  subliming at a temperature of. 'v 800°C. A fte r  drying in a desiccator, 
the weight o f the deposit was measured as 4.7 ± 0.9 mg. Analysis o f the 
f o i l  was carried out immediately afterwards using a 5 nA beam and the photo­
peak area obtained compared with the theoretica l X-ray y ie ld  to give the 
absolute e ffic ien cy  just below the germanium K-absorption edge. F ig.
(4 .4 ) shows the form of the absolute e ffic ien cy  of the system in the 
range 4-28 keV and includes the experimental points obtained by RHEL 
fo r  the in tr in s ic  e ff ic ie n c y , converted to absolute e ffic ien cy  fo r the 
Np La (13.9 keV) and Np Lf3 (17.8 keV) lines from the decay o f 2 Am.
The ana lytica l form which this e ffic ien cy  curve takes is :
q = (1.19 x 10"4) er  -  1.3 x 10“ 4 (E < l l t l  keV)
4.3
q = (5.69 x io~4) x E _ 8>2 x K T 5 (E > 11.1 keV)
is. K
where the e ff ic ien cy , q, l ie s  between 0 and 1 as a function o f X-ray 
energy ER(keV ). The varia tion  o f the detector e ffic ien cy  with energy 
may be seen to be a smooth curve within experimental error except fo r 
the singu larity  at the germanium absorption edge.
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4.2.1 Spectrum characteristics
The extraction  o f useful quantitative information from a proton- 
induced X-ray spectrum is dependent, in part, on the accuracy to which 
the characteris tic  photopeaks can be measured above any background 
le v e l which may ex is t. Such background leve ls  may be systematic and 
dependent on such parameters as choice o f detector geometry and proton 
energy, or may arise from the structure or content o f the sample 
(including backing) being analysed. Using 2 MeV protons, the major 
contribution to background is  due to the secondary electron  bremsstrahlung 
and l ie s  in  the region o f photon energy below 4 keV. This background 
is  pa rticu la rly  anisotropic as shown by Is h ii  e t a l. (1976), Tamara et a l. 
(1976) and most recently by Sioshansi e t a l. (1976), and has a maximum 
occurring in a d irection  at 90° to the incident proton beam d irection , 
corresponding to the geometry used in the current p ro ject. Location of- 
the X-ray detector at an angle of 45° with respect to the incident beam 
d irection  would be expected to reduce the secondary electron  bremsstrahlung 
component by about 30%. A more favourable detector location  was not
ava ilab le on the Guildford analysis system due to lim itations on space
in the v ic in ity  o f the target chamber. The measurements o f Sioshansi e t 
a l. also show that, in the region o f photon energy between 5 keV and 7 keV,
isotropy does ex is t in the background in tensity  fo r incident protons up
to 2 MeV.
Above the secondary electron  bremsstrahlung lim it , contributions to 
the background in ten s ity  arise from the low -intensity incident-proton 
bremsstrahlung and the Compton scattering o f y-rad iation  produced by
4 . 2  S p e c t r u m  A n a l y s i s
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nuclear interactions .between the protons and low-Z components of 
the ta rget. In many cases, the X-ray detector i t s e l f  may contribute 
to degradation in the quality of spectra obtained. The existence o f 
high r e s is t iv ity  connections to the detector crystal or regions o f 
charge-trapping within the crys.tal due to imperfections may resu lt 
in incomplete charge co lle c tion  occurring. This manifests i t s e l f  in 
the form o f a low-energy t a i l  associated with the photopeak o f in teres t 
and which contributes to the background leve l o f photopeaks of lower 
energy. This e f fe c t  was particu larly  noticeable in the Ge(Li) detector 
used fo r  the analysis o f the Guildford a ir  samples. Incomplete charge 
co llec tion  in an annular outer region o f the detector, which was 
noticed during the experiments to determine the detector diameter 
(section  4.1.4) using an 53Fe standard source, produced no photopeak 
counts but rather a continuum extending from 6 keV down to 1.5 lceV, To 
overcome this e f fe c t ,  the diameter o f the X-ray collim ator in the target 
chamber was reduced to prevent photons entering this dead region. The ' 
contribution o f a Compton continuum to the low-energy region o f a photo­
peak from scattering events w ithin a G e(L i) detector is  small due to 
the high photoelectric  to Compton ra tio  at photon energies less than 
60 keV (Freund e t a l ., 1972).
Environmental samples often  contain elements in the range Z = 15 
to Z = 35. The separation between the Ka radiation from one element and 
the IC3 radiation from the preceding element in this range is often not 
su ffic ien t to make the photopeaks resolvable even with a high resolution 
so lid -s ta te  detector. Such overlap produces some enhancement o f the Ka 
peak in situations where the in te r fe r in g  K3 is less intense than the Ka
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peak in question, leading to erroneous resu lts. In situations where 
the in te r fe r in g  K8 peak is  o f the same order as the Ka peak, quantitative 
determination o f the element o f in teres t may only be possible by deter­
mination of its  own K8 in ten s ity .
In i t ia l  measurements on the Guildford detector showed that, fo r  
samples stable under high beam currents (> 100 nA), a lim itin g  factor 
was the severe degradation in photopeak resolution which occurred at 
countrates above 5,000 counts s” 1. Also noticeable at high countrates 
was the appearance o f sum-peaks from the coincident detection of 
X-rays and a peak-sh ift of 1-2% towards the low energy end o f the spectrum. 
This la t te r  e f fe c t  was possibly due to an under-correction o f the po le- 
zero compensation in the main am plifier at high countrates. No s ign ifican t 
peak-sh ift or degradation in photopeak resolution was found to occur 
at count rates below 1500 counts s_1 and this was taken as an upper lim it  
on count ra te.
4.2.2 Spectrum deconvolution
The extraction  o f photopeak data from X-ray spectra is  often carried 
out using computer-based deconvolution techniques which perform automatic 
peak search, background subtraction and peak -fittin g  operations. In 
some cases, ex istin g  programs o r ig in a lly  designed fo r Y” ray spectrometry 
have been used to analyse low-energy X-ray spectra with some success.
A description o f the operation o f such a program is given by S lavic 
(1973), w h ilst a more deta iled  account of the deconvolution o f up to 
e ight overlapping photopeaks is  given in the more recent report o f S lavic 
(1976). In particu lar, the program SAMP0 (Routti and Prussin, 1969) has 
been used successfully fo r  the analysis o f PIXE spectra, espec ia lly  by
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Johansson and co-workers at the University o f Lund (Johansson and 
Johansson, 1976). This program has also been used with some success 
for the analysis o f the Guildford spectra (section 4 .2 .3 ). More recently, 
sp ec ia lis t  programs have been w ritten  especia lly  fo r  the deconvolution 
o f PIXE spectra. The programs REX (Kaufmann et a l . ,  1976) and XRAY
(Whitehead, 1977) are examples of these and are obtainable from their
orig inators. A review of techniques fo r  the analysis o f X-ray spectra 
has been presented by Statham (1976),
4.2.3 Data Reduction : SAMPO
The use o f an MCA which stored X-ray spectra on magnetic disk 
allowed the o f f - l in e  reduction o f data obtained at Guildford to be carried
out in two ways. F ir s t ly , the data could be read back into the memory o f
the MCA and photopeak areas obtained by using pre-programmed linear 
background subs traction  and photopeak in tegration  fa c i l i t i e s .  Secondly, 
the data could be read from the magnetic disk in to the Physics Department 
Data General Nova I I  minicomputer allowing a wider range of operations to 
be accomplished. However the lim ited  core-space o f the Nova I I  computer 
(32 k byte) did not lend i t s e l f  to the development of a program capable 
o f performing rapid peak search and integration  operations on the large 
quantity o f data obtained from the PIXE analysis o f aerosol samples.
Due to the a v a ila b il ity  o f a version o f the spectrum analysis 
program SAMPO on the University o f London Computer Centre (ULCC) CDC 6600 
computer, i t  was decided to transfer the data from the Nova I I  to the 
CDC 6600 fo r  analysis. A program CHECKCALL was developed on the Nova I I  
to read the data from magnetic disc and transfer i t  in blocks o f 1024 
numbers, corrsponding to one spectrum, v ia  Post O ffice  telephone lines
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to the CDC 6400 at ULCC. A separate program NIPY was developed on the 
CDC 6400 to receive the data and w rite i t  away to permanent f i l e .
A fte r  each transmission o f 1024 data points, a checksum equal to the sum 
of the data points was transmitted to the CDC 6400 which in turn relayed 
the message n0K" to the Nova I I  i f  this sum was equal to a sim ilar 
checksum calculated by the CDC 6400. I f  the two sums were d iffe ren t, 
the message "K0" would be relayed to the Nova I I  which would then re­
transmit the data block. In this way i t  was f e l t  that data errors during 
transmission could be removed. The time taken for the Nova I I  to 
transmit a complete sepctrum and perform a checksum was, typ ica lly , 
about 4 minutes. Subsequent analysis o f the data was carried out by 
running the program SAMP0 on the CDC 6600 from the ULCC terminal at the 
Imperial College fie ld -s ta t io n  at Silwood Park, Ascot. Although the 
program SAMP0 was w ritten  on the CDC 6600 computer, i t  could read the 
spectral data transmitted to the CDC 6400 computer as 'they share the 
same f i l e  base. A deta iled  description o f the operation o f the ULCC 
version o f SAMP0 is given by Egan (1977). In p rin c ip le , a fte r  conducting 
a peak search, a fifth -o rd e r  polynomial background function is f i t t e d  and 
then subtracted from the spectrum and the remaining photopealcs f i t t e d  
with a Gaussian function with exponential ta i ls .  The use o f exponential 
f i t t in g  allows fo r  data in the low-energy ta i l  o f the phtopeak to be 
included in the re su lts , The results o f the analysis are tabulated to 
g ive a f i t t e d  peak in teg ra l, actual peak in tegra l and goodness-o f-fit 
parameter fo r  each photopealc. Because the program SAMP0 could not be 
operated in te ra c tiv e ly , the analysis o f each spectrum was carried out in 
two stages. F irs t ly  the background subtraction and peaksearch sections 
o f the program were performed and the results obtained. Secondly, these
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results were checked manually to see that a l l  the s ign ifican t photo- 
peaks had been located before the data was re-submitted fo r the photo­
peak f i t t in g  and in tegration  to be performed.
4.2.4 Data Reduction : DATAN
To re la te  the photopeak counts back to an estimate o f the o r ig in a l 
elemental concentration, a program, DATAN, was w ritten , again using the 
Nova I I  computer. This program corrects the f i t t e d  photopeak in tegra l 
.count according to the absolute e ffic ien cy  function o f the system 
(Eq. 4.3) and also calculates the production cross-section o f the 
f i t t e d  X-ray peak from data f i l e s  containing values o f fluorescence 
y ie ld s , branching ra tios and ion isation  cross-sections. The to ta l charge 
co llec ted  in the Faraday cup is  then used to calculate the number o f 
protons passing through the sample and hence the number o f atoms per 
unit area o f the element o f in te res t in the sample. A table o f atomic 
weights and a pre-programmed value o f the o rig in a l sampling rate enables 
the elemental composition o f the sample to be expressed in nanogrammes 
per cubic metre o f sampled a ir .  Provision is  included in the program 
fo r  the subtraction o f in te r fe r in g  Ka or I<3 peaks due to neighbouring 
elements before the calculations are performed i f  this has not already 
been done. A separate procedure is  adopted in the case o f lead where 
analysis is  carried out based on the detection o f the La transition . I f  
a photopealc corrsponding to this transition  is  encountered, DATAN ca lls  
in to  operation the subroutine PLUM which compares the e ffic ien cy  -  
corrected photopealc area with the ca lib ration  obtained using the standard 
lead f o i l  (section  4.1.5) to give a d irec t estimate o f the amount o f lead 
in  the s amp le  .
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To complement the program DATAN, two other programs, SPECS and 
DAPLOT were w ritten  to allow rapid data examination. These programs 
enable e ith er individual spectra or temporal varia tion  measurements 
to be output to lin e  p rin ter or X-Y p lo ttin g  devices, e ith er in whole 
or part and using a range o f scaling parameters such as log or square- 
root d isplay. The use o f a minicomputer-based data handling and storage 
system allows large amounts o f data to be stored and accessed conveniently. 
Data obtained using the detection system described in this chapter is 
presented graphically in  Chapter 5. using the programs SPECS and DAPLOT.
4 . 2 . 5  D a t a  o u t p u t
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CHAPTER 5 
RESULTS
The analysis of a series o f f i l t e r  samples collected  using 
the Guildford sampler was carried out using the analysis system 
described in Chapters 3-4. In order to quantify and in terp ret the 
resu lts obtained, measurements were f i r s t  made to determine f i l t e r  
background leve ls  in order to derive detection lim its fo r  elements 
o f in terest under defined routine analysis conditions. This 
chapter presents the results o f these in i t ia l  measurements and the 
resu lts obtained from the analysis o f samples taken during a three- 
month period over the Winter o f 1977-78. In tegration  o f these 
results to estimate da ily  variations o f selected elements is  carried
out fo r  comparison with ava ilab le  m eteorological data;
5.1 Background Levels
5.1.1 Contaminated f i l t e r  analysis
Photopeaks may appear in the X-ray spectra obtained from the 
analysis o f f i l t e r  samples from three sources: ( i )  the presence, on
the f i l t e r ,  o f elements co llec ted  by the a ir sampler, ( i i )  contamina­
tion o f the f i l t e r  aris ing from the pre-analysis handling o f the 
f i l t e r  and from any dust deposits adhering to the f i l t e r  from processes 
other than a ir  sampling during the period when the f i l t e r  is  exposed and
m o u n t e d  i n  t h e  s a m p l e r ,  ( i i i )  c o n s t i t u e n t s  o f  t h e  f i l t e r  i n h e r e n t  i n
t h e  m a n u f a c t u r i n g  p r o c e s s .
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To determine possible contributions to measured leve ls  from 
processes ( i i )  and ( i i i )  , a clean section o f Sartorius 11106 f i l t e r  
was analysed supplied p re -s te r ilis ed  from the manufacturer. This 
analysis was carried out using a proton flu x  of 250 nA cnf2 to 
accumulate a charge o f 4 yC, these values being the ones chosen 
fo r  the routine analysis described in section (5 .3 ). A sim ilar analysis 
was carried out on a section o f f i l t e r  which had been mounted in the 
sampling unit but which had not been used to c o lle c t  a sample, in 
order to estimate contamination due to ordinary aerosol sedimentation 
processes. The resu lts of the f i r s t  o f these measurements showed 
that, at the detection lim its  fo r routine analysis, the clean f i l t e r  
m aterial was contaminant-free, with the analysis producing only a 
background continuum X-ray spectrum. The f i l t e r  which had been 
allowed to be exposed in the sampler showed, however, s ligh t conta­
mination due to the presence o f iron . This contamination, although 
producing a s ta t is t ic a lly  s ign ifican t photopeak (section  5 .2 .2 ), was 
small compared with iron leve ls  obtained from the analysis of aerosol 
samples. To investigate whether the iron originated from external 
sources or arose from the wear o f any moving parts in the sampling 
unit, sampling was carried out in a clean-air laminar-flow hood with 
the sampling o r if ic e  mounted downstream o f the drive motor and sampling 
pump. Analysis o f th is f i l t e r  showed a clean spectrum indicating that 
the iron contamination measured on the exposed f i l t e r  was probably due 
to the presence o f natural aerosol m aterial on the f i l t e r  surface.
The contribution o f this source o f background to the spectrum obtained 
during routine analysis is  shown, in  F ig . (5 ,1 ).
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Spectrum obtained from the analysis of a Guildford aerosol sample 
showing the background contribution
F i g  5 .1
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5.1.2 Low-Z in terference
Although the analysis o f most samples taken with the Guildford 
sampler gave an X-ray spectrum sim ilar to that o f F ig . (5 .1 ), 
occasionally spectra were obtained which had a more intense low- 
energy component due to the presence o f chlorine, potassium and 
calcium in the samples. However, these components were not su ffic ien t ly  
resolved to enable a quantitative determination o f th e ir concentrations. 
F ig . (5.2a) shows such a spectrum which exhibits high ch lorine, potassium 
and calcium leve ls  in comparison with a background spectrum. To 
in vestiga te the p o s s ib ility  o f the elevated chlorine leve ls  being due 
to inland movement of marine aerosol, samples o f sea-water were co llected  
at points along the coastline due South o f Guildford by Worthing Borough 
Health Department, These samples were evaporated to dryness on clean 
Sartorius 11106 f i l t e r  backings and analysed in the same way as the 
aerosol samples. These analyses showed not only an expected high 
chlorine le v e l,  but also a s ign ifican t bromine content (F ig . 5.2b).
5.1.3 Sampling s ite  comparison
A deta iled  examination o f the combined geographical and temporal 
variations in SPM leve ls  could not be considered fo r the current p ro ject 
due prim arily to lim itations in ava ilab le  accelerator beam time and 
p a rtly  to the cost o f producing a large number of sampling units. Some 
comparison was made, however, between two iden tica l sampling units, one 
located on the roo f o f the University AD building (section  2.5.1) and 
the second located on the roo f o f the AZ building at the same height o f 
15 m, 300 m East o f.th e  f i r s t  sampling unit. F ig. (5 .3 ) shows the
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Spectrum obtained from the analysis o f an aerosol sample 
showing elevated chlorine, potassium and calcium leve ls
____________________F i g  5 . 2 a
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Spectrum obtained from the analysis o f evaporated sea-water 
residue showing a s ign ifican t bromine photopeak
F i g  5 . 2 b
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SITE
(A)
0*
Zn
s ite (A ) (roo f o f AZ build ing) and s ite (B ) (roo f o f AC build ing)
F i g  5 . 3
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resu lts obtained, fo r  iron and zinc, from the analysis o f two samples 
taken during the week ending 2nd November 1977, showing general 
s im ila r ity  in structure and comparable elemental concentrations.
5.2 Limits o f Detection
5.2.1 Attenuation e ffe c ts
A possible systematic source o f error in estimating the absolute 
mass o f a particu lar element w ithin a matrix of other elements may 
arise from the self-absorption  o f characteristic  X-rays w ithin the sample. 
Adequate corrections may be made fo r  such absorption providing the 
bulk composition o f the matrix is  approximately known. The degree of 
attenuation o f the emerging X-rays is dependent on the X-ray energy 
generally being greater fo r  lower energy X-rays. Some attempt has been 
made to distinguish thin samples, in  which attenuation corrections may 
be n eg lig ib le  fo r  X-rays above 'v 3 keV, from thick samples in which 
attenuation corrections become necessary. This boundary is  often 
considered to be a sample of about 1 mg.cm*"2 (Ahlberg, 1976). In order 
to estimate self-absorption  e ffe c ts  in the Guildford samples, absolute 
measurements were taken o f the mass o f clean sections o f membrane f i l t e r  
before and a fte r  co llec tin g  an aerosol sample on them. These measurements 
indicated that a pa rticu la rly  heavy deposit corresponded to an aerosol 
loading o f about 200 yg nT3 which, fo r  the normal sampling rates discussed 
in section (2,3,2)., corresponds to a maximum f i l t e r  loading of 
^ 0 . 4  mg.cm""2* The absorption e ffe c ts  fo r  such a deposit may be seen 
from the graph in F ig . (5 .4 ) (Johansson et a l . ,  1975), showing percentage 
absorption versus target thickness fo r  d iffe ren t ch aracteris tic  X-rays 
in a typ ica l rural aerosol deposit (76% C, 9% 0, 2% A l, 4.2% S i, 5% S,
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2.9% Ca, 0.9% F e ), This indicates a maximum absorption correction  fo r  
the so ftes t characteristic  X-rays detected, 5.9 keV MnKa, under 
routine analysis conditions o f < 5%.
5.2.2 Minimum detection lim its
The minimum detection lim its  (MDL) fo r  elements o f atomic number 
20 < Z < 50 were determined fo r  two experimental conditions:
i )  The MDL fo r  each element was determined by considering 
the amount o f that element necessary to produce a 
s ign ifican t photopeak above the background produced by 
a clean f i l t e r  membrane under routine analysis conditions 
(section  5 .3 ). The sign ificance lim it fo r quantitative 
photopeak id en tifica tio n  was defined as 3/b , where B 
represents the f i t t e d  background area under the photopeak 
o f in teres t due to the clean f i l t e r  membrane this being 
the recommended lim it set by the International Union o f 
Pure and Applied Chemists (IUPAC, 1972). This determination 
o f MDL may produce an underestimate o f the MDL under routine 
analysis conditions as i t  does not allow fo r  possible elevated 
background leve ls  due to the presence o f other neighbouring 
elements.
i i )  A more pessim istic MDL fo r  each element was also calculated
by considering the amount of that element necessary to produce 
a s ign ifican t photopeak under routine analysis conditions 
above the background produced by a f i l t e r  membrane carrying a 
particu la rly  heavy deposit o f aerosol. The quantitative 
s ign ificance lim it was again taken to be 3t/b . In this case
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the MDL is somewhat higher due to the ta ils  o f photopeaks 
o f neighbouring elements producing elevated background 
leve ls  .
In  both cases o f MDL determination, the background leve ls  were 
best f i t s  to the observed spectra using the computer code SAMPO 
described in section (4 ,2 .2 ). F ig. (5 .5 ) shows the varia tion  of 
MDL- expressed in ng.m“ 3 and PPM fo r  the two cases discussed, the 
broken lin e  representing Case ( i )  and the fu l l  lin e Case ( i i )  . For 
the m ajority o f elements the MDL obtained under routine an a lytica l , 
conditions is  o f the order 10 ng m-3 (a, 50 ppm) . The MDL fo r  lead under 
routine analysis conditions based on the detection o f the PbLa line 
is about 15 ng m” 3 (75 ppm) , A deta iled  discussion on the choice of 
signal to background ra tio  fo r  the determination o f detection lim its 
has been given by Currie (1968).
5.2.3 Smoke-shade measurements
Dark smoke leve ls  are curently obtained in the U.K. by area health 
authorities using standard op tica l reflectom etry techniques (section  
1 .5 .3 ). These determinations are at present conducted only on a 
daily average basis however. To compare the results obtained from an 
op tica l method o f analysis with the resu lts obtained from PIXE analysis 
with higher time resolu tion , a f i l t e r  showing marked dark smoke le v e l 
varia tions was pho.tographed using a 5" x 4" p late camera and fin e-gra in  
black and white film . The variations in  op tica l transmission o f the 
negative over the region corresponding to the aerosol deposit was then 
measured using an op tica l transmission densitometer, in the absence o f a 
r e fle c t io n  densitometer. The f i l t e r ,  week ending 30th March 1977, was
Log(MDL) 
ng. m3 (PPM+0.7)I
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ATOMIC NUMBER
Variation o f minimum detectable lim it with atomic number under 
routine ( fu l l  lin e ) and optimum (dashed lin e ) conditions
F i g  5 . 5
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then analysed using a 10 nA proton beam o f s ize  2 mm x 2 mm, corresponding 
to a 2-hour time resolu tion , fo r  200 seconds (liv e -t im e ) per analysis 
to produce 84 spectra fo r  subsequent o f f - l in e  analysis. F ig . (5 .6) 
shows the varia tion  o f the f iv e  elements iron , copper, zinc, bromine and 
lead with two-hour resolution compared with the measured op tica l density 
o f the sample.
5.3 Continuous Aerosol Analysis
In order to allow the routine analysis o f samples co llected  at 
Guildford to be performed at a rate equivalent to the sample co lle c tion  
rate (one f i l t e r  per week) i t  was found to be necessary to analyse the 
f i l t e r s  using a proton beam o f 2 mm x 4mm, corresponding to a time 
resolu tion  o f 4 hours. Using a counting time o f 200 s per analysis, 
a one-week sample, comprising 42 hour regions fo r  analysis, could be 
completely analysed during one accelerator-day averaging hours.
Using a nominal beam current o f 'v 20 nA, typ ica l countrates encountered 
during the analyses were found to be in  the range 300-1000 counts s""1 
resu lting in ADC dead-times never greater than 3%. The four-hourly 
varia tions o f the s ix  elements Mn, Fe, Cu, Zn, Br and Pb, which were 
present in most samples, over the three-month period 26th October 1977- 
25th January 1978 are presented in F igs. (5 .7a)- ( 5 .11) .  The data fo r  
the period 27th December 1977-4th January 1978 being omitted as Christmas 
holiday closure o f the University buildings resulted in lim ited access 
to the sampling unit. During the analysis o f some samples, photopeaks 
due to n ickel and chromium could be observed at a le v e l below the MDL 
defined in section (5 .2 .2 ). Thus, including the unresolved photopeaks 
from the elements ch lorine, potassium and calcium, a to ta l o f 11 elements 
were id en tified  during routine analysis conditions.
ending 24.8.77 versus- corresponding f i l t e r  blackening
F i g  5 . 6
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FIGURES 5 .7 (a )-5 .7 (& )
The fo llow ing twelve figures show the varia tion  in concentration, 
in ng .n f3, o f the s ix  elements Mn, Fe, Cu, Zn, Br, Pb with four-hour 
time resolution fo r the twelve-week period 26/10/77 to 25/1/78 excluding 
the period 26/12/77 to 4/1/78, Each graph shows a 10 ng.m“ 3 detection 
lim it except those fo r  bromine which show a 15 ng.m“ 3 detection lim it. 
A l l  errors in the variations above 5% are marked on the graphs.
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T w o  t y p e s  o f  e r r o r  m a y  b e  a s s o c i a t e d  w i t h  t h e  r e s u l t s  
p r e s e n t e d  i n  F i g s .  ( 5 . 7) ;
i )  t h e  v a r i a t i o n ,  w i t h  t i m e ,  o f  t h e  l e v e l  o f  a n y  e l e m e n t  i n  
a  g i v e n  s a m p l e  i s  o b t a i n e d  b y  c a l c u l a t i o n  o f  t h e  v a r i a t i o n  i n  p h o t o -  
p e a k  a r e a ;  n o r m a l i s e d  t o  t h e  i n t e g r a t e d  c h a r g e  c o l l e c t e d  d u r i n g  e a c h  
a n a l y s i s ,  a c r o s s  t h e  s a m p l e .  T h e  e r r o r  i n v o l v e d  i n  t h i s  d e t e r m i n a t i o n  
i s  t h u s  c o m p o u n d e d  o f  t h e  r a n d o m  e r r o r s  a s s o c i a t e d  w i t h  t h e  d e t e r ­
m i n a t i o n  o f  t h e  p h o t o p e a l c  a r e a  a n d  i n t e g r a t e d  c h a r g e .  O f  t h e s e  t w o  
s o u r c e s ,  t h e  r a n d o m  e r r o r  a s s o c i a t e d  w i t h  t h e  X - r a y  d e t e c t i o n  p r o c e s s  i s  
c o n s i d e r e d  t o  b e  m u c h  g r e a t e r  t h a n  a n y  r a n d o m  e r r o r  a s s o c i a t e d  w i t h  
t h e  c h a r g e  i n t e g r a t i o n  p r o c e s s  w h i c h  i s  m o r e  s u s c e p t i b l e  t o  t h e  
s y s t e m a t i c  e r r o r s  o f  c a l i b r a t i o n .  T h e  r a n d o m  e r r o r  a s s o c i a t e d  w i t h  t h e  
d e t e r m i n a t i o n  o f  p h o t o p e a k  a r e a  m a y  b e  e s t i m a t e d  u s i n g  t h e  r e l a t i o n s h i p ;
a =  / n  5 .1
b e t w e e n  t h e  s t a n d a r d  d e v i a t i o n  ( a )  a n d  t o t a l  n u m b e r  o f  c o u n t s  ( n )  a s  
P o i s s o n  s t a t i s t i c s  a p p l y  i n  t h i s  c a s e .
i i )  A l t h o u g h  t h e  r e l a t i v e  v a r i a t i o n  i n  e l e m e n t a l  c o n c e n t r a t i o n  i n  
e a c h  a n a l y s e d  r e g i o n  a l o n g  a  f i l t e r  s a m p l e  m a y  o n l y  b e  s u s c e p t i b l e  t o  
t h e  r a n d o m  e r r o r s  m e n t i o n e d  a b o v e ,  a  l a r g e  s y s t e m a t i c  e r r o r  i s  a s s o c i a t e d  
w i t h  t h e  a b s o l u t e  d e t e r m i n a t i o n  o f  t h e s e  v a r i a t i o n s .  T h i s  s y s t e m a t i c  
e r r o r  i s  d u e  p r i m a r i l y  t o  t h e  a c c u m u l a t i o n  o f  s y s t e m a t i c  e r r o r s  i n
( a )  t h e  a b s o l u t e  d e t e r m i n a t i o n  o f  t h e  m a s s  o f  m a t e r i a l  i n  t h e  
m a n u f a c t u r e d  s t a n d a r d s  ( s e c t i o n  4 . 1 . 5)
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( b )  t h e  a b s o l u t e  d e t e r m i n a t i o n  o f  i n t e g r a t e d  c h a r g e  d u r i n g  
t h e  a n a l y s i s  o f  t h e  s t a n d a r d s ,
( c )  t h e  a b s o l u t e  d e t e r m i n a t i o n  o f  i n t e g r a t e d  c h a r g e  d u r i n g  
t h e  a n a l y s i s  o f  t h e  s a m p l e s .
T h e  m a x i m u m  e r r o r  a s s o c i a t e d  w i t h  t h e  m a n u f a c t u r e  o f  t h e  s t a n d a r d  f o i l s ,  
p r i m a r i l y  d u e  t o  e r r o r s  i n  w e i g h i n g ,  i s  e s t i m a t e d  t o  b e  A ;  15%  ( s e c t i o n  
4 . 1 . 5 ) .  T h e  e r r o r  a s s o c i a t e d  w i t h  t h e  a b s o l u t e  c h a r g e  i n t e g r a t i o n  i s  
m o r e  d i f f i c u l t  t o  e s t i m a t e  b u t  i t  i s  f e l t  t h a t  t h i s  e r r o r  h a s  b e e n  
m i n i m i s e d  b y  c a r e f u l  d e s i g n  o f  t h e  F a r a d a y  c u p  a n d  s e c o n d a r y  e l e c t r o n  
s u p p r e s s i o n  a s s e m b l y .
5.4  D a i l y  E l e m e n t a l  V a r i a t i o n s
5 . 4.1  I n t e g r a t i o n  o f  r e s u l t s
B e c a u s e  n o  m e t e o r o l o g i c a l  d a t a  i s  a v a i l a b l e  f o r  t h e  G u i l d f o r d  a r e a  
w i t h  t i m e  r e s o l u t i o n  c o m p a r a b l e  w i t h  t h e  a e r o s o l  m e a s u r e m e n t s  t a k e n  
d u r i n g  t h e  c u r r e n t  p r o j e c t ,  i t  w a s  f e l t  t h a t  s o m e  c o m p a r i s o n  m i g h t  b e  
m a d e  b e t w e e n  t h e  a v a i l a b l e  m e t e o r o l o g i c a l  d a t a  a n d  t h e  p r e s e n t  m e a s u r e ­
m e n t s  b y  i n t e g r a t i o n  o f  t h e  G u i l d f o r d  d a t a  t o  p r o d u c e  e s t i m a t e s  o f  t h e  
d a i l y  v a r i a t i o n s  o f  s e l e c t e d  e l e m e n t s .
5 , 4.2  R a i n f a l l
M e a s u r e m e n t s  o f  d a i l y  r a i n f a l l  l e v e l s  a r e  t a k e n  a t  a  s m a l l  
M e t e o r o l o g i c a l  O f f i c e  s t a t i o n  s i t u a t e d  a b o u t  1000 m  f r o m  t h e  U n i v e r s i t y  
c a m p u s .  T h e s e  m e a s u r e m e n t s  r e p r e s e n t  o f f i c i a l  M e t e o r o l o g i c a l  o f f i c e  
d a t a  f o r  t h e  G u i l d f o r d  a r e a  a n d  a r e  s h o w n  i n  F i g .  ( 5 , 8a )  a n d  F i g .  ( 5 . 8b )  
a l o n g  w i t h  t h e  e l e m e n t a l  v a r i a t i o n s  f r o m  t h e  c u r r e n t  p r o j e c t .
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T h e  e n r i c h m e n t  f a c t o r s  ( s e c t i o n  1 . 3 . 1 )  f o r  t h e  e l e m e n t s  M n ,  C u ,  
Z n ,  B r  a n d  P b  w e r e  c a l c u l a t e d  r e l a t i v e  t o  i r o n  u s i n g  t h e  f o l l o w i n g  
s t a n d a r d - s o i l  c o m p o s i t i o n  g i v e n  b y  B o w e n  ( 1966) ;
P P M  D r y  S o i l
E l e m e n t
R a n g e  M e a n
5 .4 .3  E n r ic h m e n t f a c t o r
F e  7 x  103 -  5.5  x  105 3 .8  x  l o 4
M n  100-4000  850
C u  2-100  20
Z n  10-300  50
B r  1-10  5
P b  2-200  10
F i g .  ( 5 . 9a )  a n d  F i g .  ( 5 , 9b )  s h o w  t h e  v a r i a t i o n  o f  e n r i c h m e n t  f a c t o r  
w i t h  r a i n f a l l .
5 . 4.4 W i n d s p e e d  a n d  d i r e c t i o n
T h e  n e a r e s t  M e t e o r o l o g i c a l  O f f i c e  s t a t i o n  t o  G u i l d f o r d  w h i c h  r e c o r d s  
a c c u r a t e  w i n d s p e e d  d a t a  i s  l o c a t e d  a t  F a r n b o r o u g h ,  12 k m  f r o m  G u i l d f o r d .  
B e c a u s e  o f  t h e  s e p a r a t i o n  b e t w e e n  t h e s e  s i t e s ,  t h e  m e a n  w i n d s p e e d  
r e c o r d e d  a t  F a r n b o r o u g h  m a y  n o t  b e  r e p r e s e n t a t i v e  o f  c o n d i t i o n s  a t  
G u i l d f o r d .  F o r  c o m p a r i s o n ,  h o w e v e r ,  F i g .  ( 5 . 10a )  a n d  F i g .  ( 5 . 10b )  s h o w  
t h e  v a r i a t i o n  o f  t h e  m e a s u r e d  e l e m e n t a l  v a r i a t i o n s  w i t h  i n v e r s e  w i n d s p e e d .  
T h e  i n v e r s e  w i n d s p e e d  i s  u s e d  i n  t h i s  c a s e  f o r  a  m o r e  d i r e c t  c o m p a r i s o n  
b e t w e e n  l o w  w i n d s p e e d s  a n d  e l e v a t e d  e l e m e n t a l  c o n c e n t r a t i o n s  a s ,  i n
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D a i l y  v a r i a t i o n  o f  e n r i c h m e n t  f a c t o r  ( E f )  w i t h  r e s p e c t  t o  i r o n  
v e r s u s  r a i n f a l l  i n  m m  f o r  a  t w e l v e  w e e k  p e r i o d
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D a i l y  v a r i a t i o n  o f  e n r i c h m e n t  f a c t o r  ( E ^ )  w i t h  r e s p e c t  t o  i r o n  
v e r s u s  r a i n f a l l  i n  m m  f o r  a  t w e l v e  w e e k  p e r i o d
F i g  5 . 9 b
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g e n e r a l ,  t h e  d i l u t i o n  o f  m a t e i r a l  i n  t h e  a t m o s p h e r e  i n c r e a s e s  w i t h  
w i n d s p e e d  ( P a s q u i l l ,  1974) .  T h e  e f f e c t  o f  w i n d  d i r e c t i o n  o n  t h e  
c o n c e n t r a t i o n  o f  e l e m e n t s  i n  t h e  a t m o s p h e r e  i s  p a r t i c u l a r l y  i m p o r t a n t  
i n  c a s e s  w h e r e  s a m p l i n g  i s  c a r r i e d  o u t  i n  a  r e g i o n  w h e r e  l o c a l i s e d  
a e r o s o l  e m i s s i o n  s o u r c e s  e x i s t .  I n  t h e  c a s e  o f  s a m p l i n g  a t  G u i l d f o r d ,  
t h e  p o s s i b i l i t y  e x i s t s  t h a t  e m i s s i o n s  f r o m  b o t h  t h e  L o n d o n  r e g i o n  
(45 k m  N . E ,  o f  G u i l d f o r d )  a n d  t h e  F a r n b o r o u g h  r e g i o n  (12  k m  N . W .  o f  
G u i l d f o r d )  m a y  b e  d e t e c t e d .  T h e  v a r i a t i o n  o f  d a i l y  e l e m e n t a l  
c o n c e n t r a t i o n  v e r s u s  w i n d  d i r e c t i o n  i s  s h o w n  i n  F i g .  ( 5 . 10c )  a n d  
F i g .  ( 5 . 10d )  f o r  t h e  t h r e e - w e e k  p e r i o d  9 / 11/ 77- 30/ 11/ 77 ,  d u r i n g  w h i c h  
a n  a v e r a g e  r a i n f a l l  o f  o n l y  1 m m  p e r  d a y  o c c u r r e d .
5 . 4 , 5 - N a t i o n a l  S u r v e y  C o m p a r i s o n
E s t i m a t e s  o f  t h e  d a r k - s m o k e  c o n t e n t  o f  t h e  G u i l d f o r d  a t m o s p h e r e  
a r e  m a d e  o n  a  d a i l y  b a s i s  a s  p a r t  o f  a  n a t i o n a l  s u r v e y '  b y  t h e  D e p a r t ­
m e n t  o f  H e a l t h  u s i n g  s t a n d a r d  s a m p l i n g  a n d  r e f l e c t o m e t r y  t e c h n i q u e s  
( s e c t i o n  2. 1. 2- 2 . 3 . 2 ) ,  T h e  d e l i b e r a t e  s i m i l a r i t y  b e t w e e n  t h e  N a t i o n a l  
S u r v e y  a n d  G u i l d f o r d  s a m p l i n g  t e c h n i q u e s  a l l o w s  s o m e  c o m p a r i s o n  t o  b e  
m a d e  b e t w e e n  t h e  r e s u l t s  o b t a i n e d  b y  e a c h  m e t h o d .  T h e s e  r e s u l t s  a r e  
s h o w n  i n  F i g .  ( 5 . 11a )  a n d  F i g .  ( 5 . 11b )  c o m p a r i n g  t h e  e l e m e n t a l  
v a r i a t i o n s  o b t a i n e d  f r o m  t h e  c u r r e n t  p r o j e c t  w i t h  t h e  d a r k - s m o k e  l e v e l s  
e s t i m a t e d  b y  t h e  D e p a r t m e n t  o f  H e a l t h  f o r  t h e  G u i l d f o r d  a r e a .
A  d i s c u s s i o n  o f  t h e  s i g n i f i c a n c e  o f  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  
c h a p t e r  a l o n g  w i t h  a  d i s c u s s i o n  o f  t h e  c o m p l e t e  s a m p l i n g  a n d  a n a l y s i s  
p r o g r a m m e  i s  p r e s e n t e d  i n  C h a p t e r  7 .
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T h e  o v e r a l l  a i m  o f  t h i s  p r o j e c t  h a s  b e e n  t o  s t u d y  t h e  t i m e  d e p e n d e n c e  
o f  t h e  a t m o s p h e r i c  a e r o s o l  i n  a  s e m i — u r b a n  e n v i r o n m e n t  a s  a  s t e p  t o w a r d s  a  
m o r e  d e t a i l e d  u n d e r s t a n d i n g  o f  d i s p e r s i o n  m e c h a n i s m s .  F o r  t h i s  p u r p o s e  a n  
a e r o s o l  s a m p l i n g  d e v i c e  w i t h  k n o w n  s a m p l i n g  c h a r a c t e r i s t i c s  h a s  b e e n  
c o n s t r u c t e d  t o g e t h e r  w i t h  a n  a s s o c i a t e d  a n a l y s i s  s y s t e m  c a p a b l e  o f  
a n a l y s i n g  t h e  s a m p l e s  o b t a i n e d  o n  a  r o u t i n e  b a s i s .  T h e  p a r a m e t e r s  o f  t h e  
s a m p l i n g  a n d  a n a l y s i s  s y s t e m  h a v e  b e e n  i n v e s t i g a t e d  i n  d e t a i l  i n  o r d e r  
t o  o p t i m i s e  t h e  a m o u n t  o f  i n f o r m a t i o n  o b t a i n e d  a b o u t  t h e  a e r o s o l  b e h a v i o u r .  
A  d e t a i l e d  a n a l y s i s  h a s  b e e n  p r e s e n t e d  o f  t h e  t e m p o r a l  v a r i a t i o n s  o f  
c e r t a i n  e l e m e n t s  a n d ,  t o  a  l i m i t e d  e x t e n t ,  t h e i r  r e l a t i o n s h i p  w i t h  m e t e o r o ­
l o g i c a l  c o n d i t i o n s .  A  c r i t i q u e  o f  t h i s  s y s t e m  a n d  t h e -  a s s o c i a t e d  r e s u l t s  
i s  p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .
6 .1 T h e  S a m p l e r  a n d  S a m p l i n g  P r o g r a m m e
T h e  m a r k  I I  s t r e a k  s a m p l e r ,  a l t h o u g h  i n c o r p o r a t i n g  a  n u m b e r  o f  d e s i g n  
i m p r o v e m e n t s  o v e r  t h e  m a r k  I  ( s e c t i o n  2 . 3 . 2) ,  s u f f e r e d  f r o m  a  n u m b e r  o f  
d i s a d v a n t a g e s .  S o m e  o f  t h e s e  w e r e  n e c e s s a r i l y  i n t r o d u c e d  i n  o r d e r  t o  
m i n i m i s e  t h e  p r o d u c t i o n  c o s t  o f  t h e  s a m p l e r  a n d  t o  i n c r e a s e  i t s  r e l i a b i l i t y  
a n d  p o r t a b i l i t y .
T h e  m a i n  d i s a d v a n t a g e  w i t h  u s i n g  a  s a m p l i n g  s y s t e m  w h i c h  r e l i e s  o n l y  
o n  f i l t r a t i o n  t o  o b t a i n  t h e  s a m p l e  i s  t h a t  i t  i s  d i f f i c u l t  t o  e x t r a c t  
p a r t i c l e - s i z e  i n f o r m a t i o n  o t h e r  t h a n  t h a t  g i v e n  b y  t h e  p a r t i c l e  r e t e n t i o n  
e f f i c i e n c y  o f  t h e  f i l t e r .  A s  t h e  c h a r a c t e r i s t i c s  a n d  e f f e c t s  o f  a e r o s o l s
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v a r y  m a r k e d l y  w i t h  a e r o s o l  s i z e  ( s e c t i o n  1 . 3- 1 . 5 )  i t  i s  f e l t  t h a t  a  
l a r g e  a m o u n t  o f  i n f o r m a t i o n  o n  a e r o s o l  b e h a v i o u r  m a y  b e  l o s t  b y  
c o l l e c t i n g  o n l y  s a m p l e s  i n t e g r a t e d  o v e r  t h e  p a r t i c l e  s i z e  s p e c t r u m .
T h e  i n c r e a s e d  s i z e  a n d  c o m p l e x i t y ,  h o w e v e r ,  o f  a  s a m p l e r  c a p a b l e  o f  
c o n t i n u o u s  s a m p l i n g  o f  o n l y  f o u r  s i z e  f r a c t i o n s  i s  s h o w n  b y  t h e  c a s c a d e  
i m p a c t o r  d e v e l o p e d  b y  L u n d g r e n  ( 1971)  i n  w h i c h  t i m e - r e s o l v e d  s a m p l e s  a r e  
i m p a c t e d  o n  t o  f o u r  r e v o l v i n g  c o l l e c t i o n  d r u m s .  T o  o b t a i n  i n f o r m a t i o n  
o v e r  a  l a r g e  g e o g r a p h i c a l  a r e a  o n  a e r o s o l  b e h a v i o u r ,  a s  i s  c u r r e n t l y  d o n e  i n  
a  l i m i t e d  w a y  b y  t h e  N a t i o n a l  S u r v e y  ( s e c t i o n  1 . 1) ,  a  l a r g e  n u m b e r  o f  
s a m p l e r s  a r e  r e q u i r e d  a n d  s o  r e l i a b i l i t y  a n d  c o s t  a r e  i m p o r t a n t  c o n s i d e r a t i o n s .  
T h e  s t r e a k  s a m p l e r  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  r e l i a b l e  c o n t i n u o u s  
o p e r a t i o n  b u t  w o u l d  r e q u i r e  a  s e l f - c o n t a i n e d  p o w e r  s u p p l y  i n  o r d e r  t o  a l l o w  
s a m p l i n g  a t  r e m o t e  s t a t i o n s .  T h e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  u s i n g  l o w -  
v o l t a g e  D . C .  s u p p l i e s  f o r  s a m p l e r  o p e r a t i o n  h a v e  b e e n  d i s c u s s e d  i n  c h a p t e r  2 ,  
b u t  t h e s e  m a y  b e  o v e r c o m e  b y  u s i n g  a  s t e p p i n g  m o t o r  i n s t e a l  o f  a  c o n t i n u o u s  
m o t o r  t o  d r i v e  t h e  s a m p l i n g  h e a d .  I n  t h i s  w a y ,  a  n u m b e r  o f  d i s c r e t e  r e g i o n s  
o f  i n t e r e s t  w o u l d  b e  o b t a i n e d  o n  t h e  f i l t e r ,  e a c h  r e g i o n  c o r r e s p o n d i n g  t o  
t h e  t i m e  i n t e r v a l  d e f i n e d  b y  t h e  m o t o r  s t e p p i n g  r a t e .  A s  t h i s  r a t e  m a y  b e  
c o n t r o l l e d  b y  a n  e l e c t r o n i c  o s c i l l a t o r ,  t h e  p o s s i b i l i t y  e x i s t s  o f  c o n s t r u c t i n g  
a  s a m p l e r  c a p a b l e  o f  p r o v i d i n g  b o t h  d i s c r e t e  r e g i o n s  o f  i n t e r e s t  f o r  a n a l y s i s  
a n d  v a r i a b l e  t e m p o r a l  r e s o l u t i o n .  T h e  a v a i l a b i l i t y  o f  d i s c r e t e  s a m p l e s  
m a y  a l s o  a l l o w  s o m e  d e t e r m i n a t i o n  o f  s a m p l e  m a s s  t o  b e  m a d e  b e f o r e  a n a l y s i s  
i f  t h e  s a m p l e s  a r e  c o l l e c t e d  o n  t o  i n d i v i d u a l  p r e - w e i g h e d  f i l t e r  m e m b r a n e  
s e c t i o n s .  A l t h o u g h  t h e  p r e s e n t  s y s t e m  e n a b l e s  t h e  d e t e r m i n a t i o n  o f  a b s o l u t e  
c o n c e n t r a t i o n s  i t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  v a r i a t i o n s  i n  t h e  p e r c e n t a g e  
c o m p o s i t i o n  o f  t h e  s a m p l e s  o b t a i n e d  s i n c e  t h e  m a j o r  c o m p o n e n t  o f  t h e  a e r o s o l ,  
c a r b o n  ( v  76% ) ,  i s  n o t  m e a s u r e d .
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T h e  c a s s e t t e  m e t h o d  b y  w h i c h  t h e  f i l t e r  m a t e r i a l  i s  l o a d e d  i n t o  
t h e  s a m p l i n g  u n i t  h a s  s h o w n  i t s e l f  t o  b e  a  p a r t i c u l a r l y  u s e f u l  m e t h o d  
o f  m i n i m i s i n g  f i l t e r  h a n d l i n g  w h i l e  a l l o w i n g  a c c u r a t e  l o c a t i o n  o f  t h e  
f i l t e r  i n  b o t h  t h e  s a m p l i n g  u n i t  a n d  P I X E  t a r g e t  c h a m b e r .  T h e  u s e  o f  a  
c a s s e t t e  h a s  a l s o  a l l o w e d  f i l t e r  s a m p l e s  t o  b e  t r a n s p o r t e d ,  w i t h  m i n i m a l  
r i s k  o f  c o n t a m i n a t i o n ,  t o  G B N M ,  G e e l ,  i n  B e l g i u m  f o r  s o m e  c o m p a r a t i v e  
P I X E  a n a l y s i s  ( s e c t i o n  6 , 4) .
6 .2  T h e  A n a l y s i s  S y s t e m
T h e  d e s i g n  o f  t h e  P I X E  a n a l y s i s  s y s t e m  f o r  t h i s  p r o j e c t  w a s  b a s e d  
o n  t h e  r e q u i r e m e n t  o f  b e i n g  a b l e  t o  a n a l y s e  a  l a r g e  n u m b e r  o f  s a m p l e s  
f o r  e l e m e n t s  o f  i n t e r e s t ,  p a r t i c u l a r l y  l e a d ,  o n  a  r o u t i n e  b a s i s .  T h e  
l i m i t e d  a v a i l a b i l i t y  a n d  h i g h  c o s t  ( £ 15.00  p e r  h o u r ,  c o m m e r c i a l  r a t e )  
o f  a c c e l e r a t o r  t i m e  m a d e  i t  i m p o r t a n t  t o  r e d u c e  t h e  a n a l y s i s  t i m e  p e r  
s a m p l e  t o  a  m i n i m u m  c o n s i s t e n t  w i t h  r e a s o n a b l e  s t a t i s t i c a l  a c c u r a c y ;  t h i s  
r e s u l t e d  i n  a  r o u t i n e  a n a l y s i s  t i m e  o f  ' u  200 s  p e r  s a m p l e  u s i n g  a  n o m i n a l  
20 n A  p r o t o n  b e a m  w h i c h  g a v e  c o u n t - r a t e s  a t  t h e  d e t e c t o r  o f  a .  103 c  s ” 1 .
T h e  u s e  o f  h i g h e r  b e a m  c u r r e n t s  t o  i n c r e a s e  t h e  c o u n t  r a t e  w a s  l i m i t e d  
b y  t h e  a m o u n t  o f  d a m a g e  c a u s e d  t o  t h e  s a m p l e  b a c k i n g  a t  b e a m  c u r r e n t s  
g r e a t e r  t h a n  ' v  30 n A .  A  n u m b e r  o f  w a y s  e x i s t ,  h o w e v e r ,  t o  i n c r e a s e  t h e  
c o u n t - r a t e  a t  t h e  d e t e c t o r  i n  o r d e r  t o  i m p r o v e  p h o t o p e a k  s t a t i s t i c s  w i t h o u t  
i n c r e a s i n g  t h e  b e a m  c u r r e n t .  I n  p a r t i c u l a r ,  t h e  s o u r c e - d e t e c t o r  g e o m e t r y  
u s e d  a t  p r e s e n t  i s  n o t  o p t i m i s e d  a s  m a y  b e  s e e n  i n  F i g .  ( 3 . 6 ) ,  b u t  t o  
a l l o w  t h e  d e t e c t o r  t o  b e  l o c a t e d  c l o s e r  t o  t h e  t a r g e t ,  t h e r e b y  i n c r e a s i n g  
t h e  a b s o l u t e  d e t e c t o r  e f f i c i e n c y ,  w o u l d  r e q u i r e  s u b s t a n t i a l  e n g i n e e r i n g  
t o  b e  c a r r i e d  o u t  o n  t h e  t a r g e t  c h a m b e r .  A  b e t t e r  c h a m b e r  d e s i g n - m a y  b e  
t o  h a v e  a  c h a m b e r  o f  s q u a r e  c r o s s - s e c t i o n  a l l o w i n g  n o t  o n l y  c l o s e r
-  146 -
d e t e c t o r  a p p r o a c h  a n d  m o r e  a c c u r a t e  v a c u u m - f l a n g e  a l l i g n m e n t  b u t  
s o m e  d e c r e a s e  i n  t h e  i n t e r n a l  v o l u m e  o f  t h e  c h a m b e r  r e s u l t i n g  i n  
f a s t e r  e v a c u a t i o n .  T h i s  l a t t e r  e f f e c t  m a y  b e  o u t w e i g h e d  h o w e v e r  
b y  o u t g a s s i n g  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  g r e a t e r  l e n g t h  o f  w e l d e d  
s e a m s  l i k e l y  i n  t h i s  t y p e  o f  c o n s t r u c t i o n .  A  p o s s i b l e  m e t h o d  o f  
i n c r e a s i n g  t h e  c o u n t  r a t e  a t  t h e  d e t e c t o r  a n d  h e n c e  t h e  a m o u n t  o f  
i n f o r m a t i o n  c o l l e c t e d  i n  a  g i v e n  t i m e  i s  t o  c o l l e c t  t h e  a e r o s o l  b y  
i m p a c t i o n  o n t o  s u r f a c e s  m o r e  t o l e r a n t  t o  t h e  p r o t o n  b e a m ,  s u c h  a s  
c a r b o n  f o i l ,  a n d  u s i n g  h i g h e r  b e a m  c u r r e n t s  ( H e r m a n  e t  a l . ,  1973) .  
L i m i t i n g  f a c t o r s  i n  t h i s  c a s e  b e c o m e  s a m p l e  v o l a t a l i s a t i o n  d u e  t o  
t h e  h e a t i n g  o f  t h e  f o i l ,  a n d  d e g r a d a t i o n  o f  t h e  d e t e c t o r  r e s o l u t i o n  
a t  h i g h  c o u n t r a t e s .
T h e  v a r i a t i o n  o f  e f f e c t i v e  d e t e c t o r  d i a m e t e r  w i t h  X = r a y  e n e r g y  
d e s c r i b e d  i n  s e c t i o n  ( 4 . 1 . 4)  i s  o f  g r e a t e r  c o n c e r n  i f  s m a l l  s o u r c e -  
d e t e c t o r  d i s t a n c e s  a r e  u s e d .  T h e  v a r i a t i o n  o f  t h e  s o l i d  angle, r o ,  
s u b t e n d e d  a t  t h e  s o u r c e  b y  t h e  d e t e c t o r ,  w i t h  d e t e c t o r  d i a m e t e r ,  d ,  
a t  a  s o u r c e - d e t e c t o r  d i s t a n c e  D ,  o b e y s  a  r e l a t i o n s h i p  o f  t h e  f o r m ;
T h i s  i n d i c a t e s  t h a t  a n y  c h a r g e  i n  r o  d u e  t o  v a r i a t i o n s  i n  d  w i l l  b e  
i n c r e a s e d  b y  a  f a c t o r  o f  f o u r  i f  t h e  s o u r c e - d e t e c t o r  d i s t a n c e  i s  
h a l v e d .  S u c h  v a r i a t i o n s  w i l l  b e  a u t o m a t i c a l l y  i n c l u d e d  i n  a n y  a n a l y s i s  
u s i n g  a  s t a n d a r d  f o r  c a l i b r a t i o n ,  b u t  m a y  l e a d  t o  l a r g e  e r r o r s  i f  
a n a l y s i s  i s  c a r r i e d  o u t  o n  a n  a b s o l u t e  b a s i s  u n l e s s  t h e  v a r i a t i o n  o f  ro  
w i t h  X - r a y  e n e r g y  i s  i n c l u d e d .  S u c h  e f f e c t s  a r e  d u e  p r i m a r i l y  t o  t h e  
p r e s e n c e  o f  a  d e a d - l a y e r  o n  t h e  s u r f a c e  o f  t h e  d e t e c t o r  c r y s t a l  a n d  m a y  
b e c o m e  g r e a t e r  f o r  s o f t  X - r a y s  ( <  a ,  5 k e V )  ,
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T h e  u s e  o f  t h i n  f o i l s  p r o d u c e d  b y  v a c u u m - c o a t i n g  d o e s  a p p e a r  
t o  b e  a  p o t e n t i a l l y  u s e f u l  m e t h o d  o f  c a l i b r a t i n g  P I X E  a n a l y s i s  s y s t e m s .  
H o w e v e r  l a r g e  e r r o r s  o f  'v 15%  w e r e  p r e s e n t  i n  t h e  c a l i b r a t i o n s  
d e s c r i b e d  i n  s e c t i o n  ( 4 . 1 . 5 )  d u e  p r i m a r i l y  t o  w e i g h i n g  e r r o r s .  T h e s e  
e r r o r s  m a y  b e  s u b s t a n t i a l l y  r e d . u c e d  b y  t h e  u s e  o f  a  m o r e  s o p h i s t i c a t e d  
c o a t i n g  u n i t  i n c o r p o r a t i n g  a n  e l e c t r o b a l a n c e  o f  t h e  t y p e  u s e d  a t  C B N M  
( E u r a t o m ) ,  G e e l  ( M i t c h e l l  a n d  E s c h b a c h ,  1978) .  O t h e r  d i f f i c u l t i e s  
e n c o u n t e r e d  i n  t h e  p r o d u c t i o n  o f  c e r t a i n  c a l i b r a t i o n  f o i l s  w e r e  d u e  t o  
t h e  r a p i d  o x i d a t i o n  o f  t h e  c a l c i u m  f o i l  w h e n  e x p o s e d  t o  a i r ,  a n d  t o x i c i t y  
p r o b l e m s  a s s o c i a t e d  w i t h  t h e  h a n d l i n g  o f  t h e  a r s e n i c - c o a t e d  f o i l .
A s  d i s c u s s e d  i n  s e c t i o n  ( 3 . 3 . 5 ) ,  d e t e r m i n a t i o n  o f  t h e  p r o t o n  f l u x  
w a s  c a r r i e d  o u t  u s i n g  a  s t a n d a r d  F a r a d a y - c u p  a r r a n g e m e n t  w i t h  a  
s e c o n d a r y  e l e c t r o n  s u p r e s s i o n  g u a r d  r i n g .  T h e  v a r i a t i o n  o f  m e a s u r e d  b e a m  
c u r r e n t  a g a i n s t  g u a r d  r i n g  v o l t a g e  i n d i c a t e s  t h a t  a n  o p e r a t i n g  v o l t a g e  
o f  -  150 V  i s  s u f f i c i e n t  t o  c o n t a i n  a n y  s e c o n d a r y  e l e c t r o n s  p r o d u c e d  a t  
t h e  b a s e  o f  t h e  F a r a d a y  c u p .  T h a t  s u c h  a  s y s t e m  i s  s t i l l  s u b j e c t  t o  
l a r g e  e r r o r s  h a s  b e e n  m e n t i o n e d  b y  M i t c h e l l  a n d  E s c h b a c h  ( 1978)  w h o  
s u g g e s t  t h e  m o n i t o r i n g  o f  b e a m  c u r r e n t  b y  d e t e r m i n i n g  t h e  n u m b e r  o f  
p r o t o n s  w h i c h  a r e  R u t h e r f o r d  b a c k s c a t t e r e d  w h e n  t h e  b e a m  p a s s e s  t h r o u g h  
a  t h i n ,  h i g h  p u r i t y  f o i l  i n  f r o n t  o f  t h e  s a m p l e .  B y  a c c u r a t e l y  d e f i n i n g  
t h e  t h i c k n e s s  o f  s u c h  a  f o i l  i t  i s  p o s s i b l e  t o  m e a s u r e  b e a m  c u r r e n t s  
a b s o l u t e l y .
D u r i n g  t h e  a n a l y s i s  o f  t h e  f i l t e r  s a m p l e s ,  d a t a  w a s  c o l l e c t e d  f o r  a  
f i x e d  l i v e - t i m e  c o u n t  o f  200 s .  T h e  t y p i c a l  v a l u e  o f  t h e  r e a l - t i m e  c o u n t  
f o r  a n  a n a l y s i s  w a s  a b o u t  205 s .  T h e  c u r r e n t  i n t e g r a t o r  w a s  n o t  g a t e d  
d u r i n g  t h e  a n a l y s e r  d e a d - t i m e  a n d  s o  i t  w a s  n e c e s s a r y  t o  c o r r e c t  t h e  
i n t e g r a t e d  c h a r g e  b y  a  f a c t o r  ( r e a l  t i m e / l i v e  t i m e ) .
-  148 -
A  m o r e  s a t i s f a c t o r y  m e t h o d  o f  d a t a  a c q u i s i t i o n  i s  t o  c o u n t  f o r  a  
p r e s e t  c h a r g e  r a t h e r  t h a n  l i v e - t i m e  t h u s  e n a b l i n g  a  d i r e c t  c o m p a r i s o n  
t o  b e  m a d e  b e t w e e n  e l e m e n t a l * c o n c e n t r a t i o n s  i n  d i f f e r e n t  s a m p l e s  b y  
i n t e r c o m p a r i n g  p h o t o p e a k  a r e a s .
T o  s u m  u p ,  t h e  a n a l y s i s  s y s t e m  h a s  p r o v e n  t o  b e  s u i t a b l e  f o r  t h e  
r o u t i n e  a n a l y s i s  o f  a  l a r g e  n u m b e r  o f  s a m p l e s ,  t h e  m a j o r  l i m i t a t i o n  o n  
d a t a  a c q u i s i t i o n  r a t e  b e i n g  d u e  t o  s p e c i m e n  d a m a g e  a t  h i g h  b e a m  c u r r e n t s .
T h e  d e s i g n  o f  t h e  s a m p l e  c h a r g i n g  m e c h a n i s m  a l l o w s  f o r  a c c u r a t e  a n d  
r e p r o d u c e a b l e  t a r g e t  l o c a t i o n  w h i l s t  e n a b l i n g  t h e  t a r g e t  t o  b e  m o v e d  a  
d i s t a n c e  o f  u p  t o  180 m m  i n  1 m m  s t e p s .  T h e  e f f i c i e n c y  a n d  r e s o l u t i o n  
o f  t h e  d e t e c t i o n  s y s t e m  e n a b l e s  t h e  a n a l y s i s  o f  e l e m e n t s  i n  t h e  r a n g e  
Z  =  24 t o  Z  =  35 t b  b e  p e r f o r m e d  d o w n  t o  a t m o s p h e r e  c o n c e n t r a t i o n s  o f  
^  10 n g . m -3
6 .3 D a t a  H a n d l i n g
I n  o r d e r  t o  e n s u r e  m a x i m u m  e x p l o i t a t i o n  o f  v a l u a b l e  a c c e l e r a t o r  
t i m e ,  t h e  u s e  o f  a  m i n i - c o m p u t e r  b a s e d  M C A  w a s  f o u n d  t o  b e  n e c e s s a r y  
f o r  d a t a  a c q u i s i t i o n ;  t h i s  p o s s e s s e s  t h e  a b i l i t y  t o  t r a n s f e r  1024 c h a n n e l  
s p e c t r a  o n  t o  a  m a g n e t i c  d i s c  i n  l e s s  t h a n  o n e  s e c o n d  b e f o r e  r e s e t t i n g  
t h e  m e m o r y  f o r  t h e  n e x t  a n a l y s i s .  A l t h o u g h  s u b s e q u e n t  d a t a  h a n d l i n g  s t a g e s  
w e r e  a l s o  p r i m a r i l y  c o m p u t e r - b a s e d ,  i t  w a s  f o u n d  t h a t  a  h i g h  d e g r e e  o f  
m a n u a l  i n t e r a c t i o n  w a s  n e c e s s a r y  p a r t i c u l a r l y  i n  t h e  c h e c k i n g  o f  p h o t o p e a k  
a r e a s  d e t e r m i n e d  b y  t h e  c o m p u t e r  c o d e  S A M P O .  A s  t h e  a n a l y s i s  o f  a  o n e  
w e e k  f i l t e r  s a m p l e  p r o d u c e s  42 o r  84 d a t a  p o i n t s  p e r  e l e m e n t  f o r  s i x  e l e m e n t s ,  
a  c o m p u t e r  w a s  a l s o  u s e d  t o  s t o r e  t h e  d a t a  a s  t h i s  w a s  f o u n d  t o  b e  t h e  
o n l y  w a y  i n  w h i c h  s u c h  l a r g e  s e t s  o f  d a t a  c o u l d  b e  h a n d l e d  a n d  c o m p a r e d  
r a p i d l y .  I n  a l l ,  u p  t o  t h r e e  s e p a r a t e  c o m p u t e r s  w e r e  i n v o l v e d  i n  t h e  
r e d u c t i o n  a n d  s t o r a g e  o f  d a t a .  T h e  t r a n s m i s s i o n  o f  d a t a  b e t w e e n  c o m p u t e r s
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i s  t i m e  c o n s u m i n g  a n d  o c c a s i o n a l l y  s u b j e c t  t o  d a t a  c o r r u p t i o n .  A  
p r e f e r a b l e  a r r a n g e m e n t  f o r  d a t a  a c c u m u l a t i o n  a n d  r e d u c t i o n  o n  t h i s  
s c a l e  i s  o n e  w h e r e b y  t h e  c o m p l e t e  a n a l y s i s  i s  c a r r i e d  o u t  b y  o n e  
d e d i c a t e d  m i n i - c o m p u t e r .  A l t h o u g h  d a t a  r e d u c t i o n  p r o g r a m s  s u c h  a s  
S A M P O  a n d  X R A Y  ( s e c t i o n  4 . 2 )  n o r m a l l y  r e q u i r e  c o m p u t e r  c o r e  s t o r a g e  
i n  e x c e s s  o f  a ,  40 k . b y t e  i t  i s  p o s s i b l e  t o  p e r f o r m  b o t h  d a t a  a c q u i s i t i o n  
a n d  r e d u c t i o n  u s i n g  m i n i - c o m p u t e r s  w i t h  m u c h  s m a l l e r  c o r e  s t o r e .  I n  
p a r t i c u l a r ,  t h e  s y s t e m  d e s c r i b e d  b y  H a r r i s o n  a n d  E l d r e d  ( 1974)  u s i n g  a  
c o r e  s t o r e  o f  o n l y  9 k . b y t e  i s  c a p a b l e  o f  r e d u c i n g  a  512- c h a n n e l  
s p e c t r u m  i n  90 s e c o n d s  w h i l s t  a c q u i r i n g  a n o t h e r  512- c h a n n e l  s p e c t r u m ,
6 .4 R e s u l t s
T h e  c h o i c e  o f  S a r t o r i u s  M e m b r a n f i l t e r  f o r  t h e  a e r o s o l  c o l l e c t i n g  
m e d i u m  h a s  b e e n  f o u n d  t o  b e  a  s u i t a b l e  t a r g e t  b a c k i n g  b o t h  i n  t e r m s  o f  
i t s  n e g l i g i b l e  c o n t r i b u t i o n  t o  m e a s u r e d  e l e m e n t a l  l e v e l s  d u r i n g  a n a l y s i s  
a n d  a l s o  t o  i t s  t o l e r a n c e  t o  a d e q u a t e  b e a m  c u r r e n t s .  S o m e  c o n t r i b u t i o n  
t o  t h e  r e c o r d e d  s p e c t r a  h a s  b e e n  s h o w n  t o  o c c u r  f r o m  t h e  p r e s e n c e ,  o n  t h e  
f i l t e r s ,  o f  d u s t  d u e  t o  n a t u r a l  a e r o s o l  s e d i m e n t a t i o n  w h i l s t  t h e  s a m p l i n g  
u n i t  i s  i n  o p e r a t i o n .  T h i s  c o n t a m i n a t i o n  p r o d u c e s  s o m e  e n h a n c e m e n t  o f  
t h e  m e a s u r e d  i r o n  s i g n a l ,  b u t  t h i s  i s  s m a l l  ( a i  5 % )  f o r  t h e  t y p i c a l  i r o n  
c o n c e n t r a t i o n s  m e a s u r e d .  T h e  a p p e a r a n c e ,  i n  s o m e  s p e c t r a ,  o f  p h o t o p e a l c s  
d u e  t o  c h l o r i n e ,  p o t a s s i u m  a n d  c a l c i u m  i s  p o s s i b l y  i n d i c a t i v e  o f  t h e  
p r e s e n c e  o f  m a r i n e  a e r o s o l .  A  f e w  m e a s u r e m e n t s  c a r r i e d  o u t  o n  e v a p o r a t e d  
s e a - w a t e r  s a m p l e s  ( s e c t i o n  5 . 1 , 2 )  s h o w  t h e  p r e s e n c e  o f  t h e  s a m e  t h r e e  
e l e m e n t s  a l t h o u g h  t h e  c h l o r i n e  l e v e l s  i n  t h e s e  c a s e s  a r e  m o r e  e l e v a t e d .
I n  o r d e r  t o  i d e n t i f y  a n  a e r o s o l  c o m p o n e n t  a s  b e i n g  o c e a n i c  i n  o r i g i n ,  i t  
w o u l d  b e  n e c e s s a r y  t o  c o n s i d e r  b o t h  t h e  s o d i u m / c h l o r i n e  r a t i o  i n  t h e  s a m p l e
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a n d  t h e  p r e v a i l i n g  w i n d  d i r e c t i o n s .  T h e  m e a s u r e m e n t  o f  t h i s  r a t i o  w a s  
n o t  p o s s i b l e  d u r i n g  t h e  c u r r e n t  p r o j e c t  d u e  t o  t h e  l o w - e n e r g y  c u t - o f f  
o f  t h e  G e ( L i )  d e t e c t o r .  H o w e v e r ,  r e l a t e d  r e s e a r c h  i s  i n  p r o g r e s s  a t  
t h e  p r e s e n t  t i m e  o n  a  d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  l o w  a t o m i c  n u m b e r  
c o n t e n t  o f  a e r o s o l  s a m p l e s ,  i n c l u d i n g  s t r e a k  s a m p l e s  c o l l e c t e d  a t  
G u i l d f o r d ,  b y  m e a n s  o f  P I X E  a n a l y s i s  u s i n g  a  t h i n  w i n d o w ,  h i g h  
r e s o l u t i o n  S i ( L i )  d e t e c t o r  ( B a r f o o t  e t  a l . ,  1978) .  N e v e r t h e l e s s ,  t h e  
G e ( L i )  d e t e c t o r  d o e s  r e v e a l  t h e  p r e s e n c e  o f  b r o m i n e  i n  a l l  t h e  s e a - w a t e r  
s a m p l e s  a n a l y s e d  ( F i g .  5 . 2b )  a n d  s u g g e s t s  t h a t  f u t u r e  p r o j e c t s  m i g h t  
i n v o l v e  t h e  d e t e r m i n a t i o n  o f  a n y  c o r r e l a t i o n  b e t w e e n  b r o m i n e  l e v e l s ,  
c h l o r i n e  l e v e l s  a n d  w i n d  d i r e c t i o n .
T h e  p o s s i b i l i t y  o f  e n h a n c e d  e l e m e n t a l  l e v e l s  d u e  t o  a e r o s o l  s o u r c e s  
o n  t h e  U n i v e r s i t y  c a m p u s  w a s  i n v e s t i g a t e d  b y  c o m p a r i n g  s a m p l e s  o b t a i n e d  
i n  c o i n c i d e n c e  a t  o p p o s i t e  e n d s  o f  t h e  U n i v e r s i t y  c a m p u s .  T h e s e  r e s u l t s  
( F i g .  5 . 3)  s h o w  t h a t ,  f o r  i r o n  a n d  z i n c ,  b o t h  t h e  t e m p o r a l  s t r u c t u r e  
a n d  m e a s u r e d  c o n c e n t r a t i o n s  a r e  i n  c l o s e  a g r e e m e n t  i n d i c a t i n g  a  l a c k  o f  
s a m p l i n g  b i a s  d u e  t o  t h e  i m m e d i a t e  p r o x i m i t y  o f  a n y  l o c a l  a e r o s o l  s o u r c e s .
T h e  r e s u l t s  o b t a i n e d  f r o m  t h e  a n a l y s i s  o f  a  n u m b e r  o f  a e r o s o l  s a m p l e s  
w i t h  f o u r - h o u r  t i m e  r e s o l u t i o n  d o  n o t  i n d i c a t e  a n y  s t r o n g  d i u r n a l  p a t t e r n  i n  
t h e  v a r i a t i o n s  o f  t h e  m e a s u r e d  c o n c e n t r a t i o n s  a s  s e e n  b y  o t h e r  w o r k e r s  i n  
d e n s e r  u r b a n  e n v i r o n m e n t s  ( e . g .  N e l s o n  e t  a l . ,  1975) .  T h i s  m a y  b e  d u e ,  
i n  p a r t ,  t o  t h e  f a c t  t h a t  t h e  s a m p l i n g  l o c a t i o n  a t  G u i l d f o r d  i s  n o t  c l o s e  
t o  a n y  a e r o s o l  s o u r c e  e x h i b i t i n g  s t r o n g  d i u r n a l  v a r i a t i o n s  i n  a e r o s o l  
e m i s s i o n  s u c h  a s  r o a d w a y s  o r  i n d u s t r i a l  c h i m n e y  s t a c k s .  I t  i s  p a r t i c u l a r l y  
n o t i c e a b l e ,  h o w e v e r ,  t h a t  m a n y  o f  t h e  d i u r n a l  v a r i a t i o n s  s h o w n  i n  F i g .  ( 5 , 7)  
e x h i b i t  m a r k e d  c h a n g e s  i n  t h e  c o n c e n t r a t i o n s  o f  e l e m e n t s  o v e r  s h o r t  t i m e
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p e r i o d s ,  s o m e  o f  t h e  e l e m e n t s  s h o w i n g  c h a n g e s  i n  c o n c e n t r a t i o n  o f  
t w o  o r d e r s  o f  m a g n i t u d e  o v e r  p e r i o d s  o f  4-8  h o u r s .  I f  i n f r e q u e n t ,  
t h e  p r e s e n c e  o f  s u c h  s h o r t  t e r m  v a r i a t i o n s  w i l l  n o t  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  m e a n  d a i l y  c o n c e n t r a t i o n s  b u t  m a y  b e  s i g n i f i c a n t  i n  
" t r i g g e r i n g  o f f "  a c u t e  r e s p i r a t o r y  d i s o r d e r s  i n  s e c t i o n s  o f  t h e  
p o p u l a t i o n  o t h e r w i s e  t o l e r a n t  t o  l o w e r  l e v e l s  o f  a e r o s o l  c o n c e n t r a t i o n s .  
T h e  p o s s i b i l i t y  t h u s  e x i s t s  f o r  f u t u r e  s t u d i e s  o f  t h e  s h o r t  t e r m  
v a r i a t i o n s  i n  a t m o s p h e r i c  a e r o s o l s  t o  i n c l u d e  c o r r e l a t i o n s  b e t w e e n  t h e s e  
v a r i a t i o n s  a n d  i n c r e a s e d  c a s e s  o f  r e s p i r a t o r y  d i s o r d e r  w i t h  a  v i e w  t o  
d e t e r m i n i n g  t h e  p o s s i b l e  t r i g g e r i n g  e f f e c t s  o f  c e r t a i n  e l e m e n t s .
T h e  a p p a r e n t  l a c k  o f  s t r o n g  d i u r n a l  v a r i a t i o n s  i n  t h e  r e s u l t s  
p r e s e n t e d  i n  F i g .  ( 5 . 7)  m a y  b e  d u e  t o  l o c a l  m e t e o r o l o g i c a l  e f f e c t s  s u c h  
a s  r a i n f a l l  a n d  w i n d s p e e d  a n d  d i r e c t i o n .  I f  c o r r e s p o n d i n g  d a t a  w e r e  
a v a i l a b l e  o n  t h e  v a r i a t i o n  o f  t h e  m e t e o r o l o g i c a l  c o n d i t i o n s  d u r i n g  t h e  
s a m p l i n g  p e r i o d ,  i t  m i g h t  b e  p o s s i b l e  t o  t a k e  t h e s e  p a r a m e t e r s  i n t o  
a c c o u n t  i n  o r d e r  t o  d e t e r m i n e  a n y  u n d e r l y i n g  d i u r n a l  p a t t e r n s  i n  t h e  d a t a .  
I t  i s  f e l t  t h a t  a n y  f u t u r e  m e a s u r e m e n t  o n  t h e  s h o r t  t e r m  v a r i a t i o n s  o f  
a e r o s o l s  m u s t  i n c l u d e  c o r r e s p o n d i n g  d e t a i l e d  m e a s u r e m e n t s  o f  r e l e v a n t  
m e t e o r o l o g i c a l  p a r a m e t e r s .
F o r  m a n y  o f  t h e  s a m p l e s  a n a l y s e d ,  a l l  o f  t h e  e l e m e n t s ,  e x c e p t  i r o n ,  
v a r y  i n  a  s i m i l a r  w a y .  S u c h  v a r i a t i o n s  b e c o m e  m o r e  a p p a r e n t  w h e n  t h e  
4- h o u r l y  d a t a  i s  i n t e g r a t e d  t o  c a l c u l a t e  m e a n  d a i l y  c o n c e n t r a t i o n s  ( F i g .  
5 . 8) .  T h e  d a i l y  v a r i a t i o n s  o f  b r o m i n e  a n d  z i n c  o v e r  t h e  t h r e e - m o n t h  
p e r i o d  s h o w  s i m i l a r  t r e n d s  t o  e a c h  o t h e r  a n d  t o  a  l e s s e r  e x t e n t  w i t h  t h e  
v a r i a t i o n s  o f  m a n g a n e s e ,  l e a d  a n d  c o p p e r .  T h e  v a r i a t i o n  o f  i r o n ,  a g a i n ,  
d o e s  n o t  r e l a t e  t o  t h e  b e h a v i o u r  o f  t h e  o t h e r  e l e m e n t s .
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C a l c u l a t i o n  o f  t h e  e n r i c h m e n t  f a c t o r  ( E F )  w i t h  r e s p e c t  t o  i r o n  
( F i g .  5 . 9 )  s e r v e s  t o  n o r m a l i s e  t h e  d a t a  t o  m e a n  e l e m e n t a l  c o n c e n t r a t i o n s  
i n  s o i l  ( s e c t i o n  1 . 3 . 1 ,  5 . 4 . 3) .  T h e  v a l u e  o f  t h e  E F  o f  e a c h  o f  t h e  
e l e m e n t s  m e a s u r e d  s h o w s  a n  e p i s o d e  o f  h i g h  e n r i c h m e n t  a b o u t  t h e  w e e k e n d  
o f  18/ 12/ 77 .  C o m p a r i s o n  o f  t h i s  d a t a  w i t h  t h e  d a i l y  r a i n f a l l  m e a s u r e m e n t s  
( F i g .  5 . 9 )  s h o w s  t h a t  t h i s  h i g h  E F  o c c u r s  a f t e r  a  p e r i o d  o f  r e l a t i v e l y  l o w  
E F  d u r i n g  w h i c h  h e a v y  r a i n f a l l s ,  r e a c h i n g  27 m m . d a y " 1 ,  o c c u r r e d .  A  
p o s s i b l e  e x p l a n a t i o n  o f  t h e  i n c r e a s e  i n  E F  i m m e d a t e l y  a f t e r  a  p e r i o d  o f  
r a i n f a l l  i s  t h a t  t h e  e f f e c t  o f  r a i n o u t  ( s e c t i o n  1 . 3 . 3)  i s  t o  d e c r e a s e  t h e  
a t m o s p h e r i c  a e r o s o l  c o n c e n t r a t i o n  w h i l e  s i m u l t a n e o u s l y  i n c r e a s i n g  t h e  
g r o u n d  c o n c e n t r a t i o n  o f  i n s o l u b l e  d u s t  p a r t i c l e s .  I n  p a r t i c u l a r  a s  r o a d  
s u r f a c e s  d r y ,  t r a f f i c  m o v e m e n t  r e s u l t s  i n  t h e  r a p i d  r e - s u s p e n s i o n  o f  t h e s e  
p a r t i c l e s  i n  t h e  l o w e r  r e g i o n s  o f  t h e  a t m o s p h e r e  ( D e m u y n c k ,  1978) .  
C a l c u l a t i o n  o f  t h e  m e a n  E F  o f  t h e  e l e m e n t s  c o n s i d e r e d  o v e r  t h e  t w e l v e  w e e k  
p e r i o d  y i e l d s  t h e  f o l l o w i n g :
E l e m e n t  M e a n  E n r i c h m e n t
M n  14
C u  940
Z n  540
B r  2300
P b  1150
T h e  p a r t i c u l a r l y  h i g h  E F  o f  b r o m i n e  a n d  l e a d  t e n d  t o  c o n f i r m  t h e  
h y p o t h e s i s  t h a t  t h e  s o i l - d e r i v e d  c o n t r i b u t i o n  o f  t h e s e  e l e m e n t s  t o  t h e  
o b s e r v e d  a t m o s p h e r i c  a e r o s o l  i s  n e g l i g i b l e .
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T h e  v a r i a t i o n  o f  e l e m e n t a l  c o n c e n t r a t i o n s  w i t h  a e r o s o l  d a r k -  
s m o k e  c o n t e n t  h a s  b e e n  e x a m i n e d  f o r  s a m p l e s  w i t h  t w o - h o u r  t i m e  r e s o l u t i o n  
( s e c t i o n  5 . 2 . 3)  a n d  f o r  t h e  i n t e g r a t e d  d a i l y  s a m p l e s  b y  c o m p a r i s o n  w i t h  
t h e  G u i l d f o r d  B o r o u g h  D e p a r t m e n t  d a t a  ( s e c t i o n  5 . 4 . 5 ) ,  I n  n e i t h e r  o f  
t h e s e  c a s e s  i s  t h e r e  a n y  d i r e c t  c o r r e l a t i o n  b e t w e e n  t h e  d a r k - s m o k e  l e v e l  
a n d  a n y  o f  t h e  c o r r e s p o n d i n g  e l e m e n t a l  c o n c e n t r a t i o n s .  T h i s  i s  
i n d i c a t i v e  t h a t  t h e  p r i m a r y  d a r k - s m o k e  c o n t r i b u t i o n  i s  d u e  t o  c a r b o n a c e o u s  
m a t e r i a l j  i n  c o n t r a s t  w i t h  r e s u l t s  f o r  L o n d o n  ( B a l l ,  1977)  w h e r e  t h e  
d a r k - s m o k e  c o n t e n t  h a s  b e e n  c o r r e l a t e d  w i t h  l e a d  l e v e l s  s h o w i n g  t h e  n o w  
d o m i n a n t  e f f e c t  o f  c a r  e m i s s i o n s  o n  d a r k - s m o k e  l e v e l s  i n  t h a t  e n v i r o n m e n t .  
T h e  l a c k  o f  c o r r e l a t i o n  b e t w e e n  t h e  i n v e r s e  w i n d s p e e d  a n d  e l e m e n t a l  
c o n c e n t r a t i o n s  m a y  n o t  b e  s i g n i f i c a n t  i n  t h i s  s t u d y  d u e  t o  t h e  f a c t  t h a t  
a l t h o u g h  i t  r e p r e s e n t s  t h e  b e s t  a v a i l a b l e  m e t e o r o l o g i c a l  d a t a ,  t h e  
d i s t a n c e  b e t w e e n  t h e  s a m p l i n g  u n i t  a n d  m e t e o r o l o g i c a l  r e c o r d i n g  
s t a t i o n  (12  k m )  m a y  r e n d e r  t h e  r e s u l t s  u n r e p r e s e n t a t i v e  o f  t h e  
G u i l d f o r d  a r e a .  T h i s  m a y  a l s o  e x p l a i n  t h e  l a c k  o f  a n y  o b v i o u s  
c o r r e l a t i o n  b e t w e e n  t h e  r e c o r d e d  e l e m e n t a l  v a r i a t i o n s  a n d  w i n d  
d i r e c t i o n  ( F i g .  5 . 10c , d ) .  I t  i s  p r o b a b l e  t h a t  f u t u r e  s t u d i e s  
i n v o l v i n g  t h e  a c c u m u l a t i o n  o f  m o r e  d a t a ,  i n c l u d i n g  c o r r e s p o n d i n g  
l o c a l  m e t e o r o l o g i c a l  d a t a ,  w o u l d  s h o w  s o m e  c o r r e l a t i o n  b e t w e e n  
e l e m e n t a l  c o n c e n t r a t i o n s  a n d  w i n d  d i r e c t i o n  p a r t i c u l a r l y  u n d e r  
c o n d i t i o n s  w h e n  t h e  p r e v a i l i n g  w i n d  d i r e c t i o n  i s  f r o m  t h e  N o r t h -  
E a s t  r e s u l t i n g  i n  a i r  m o v e m e n t s  f r o m  L o n d o n  t o  G u i l d f o r d .
F r o m  t h e  d a t a  p r e s e n t e d  i n  C h a p t e r  ( 5 ) ,  i t  i s  p o s s i b l e  t o  
e s t i m a t e  m e a n  c o n c e n t r a t i o n s  o f  e l e m e n t s  i n  t h e  G u i l d f o r d  a e r o s o l  
o v e r  a  t w e l v e  w e e k  p e r i o d .  T h e  f o l l o w i n g  t a b l e  s h o w s  t h e
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c a l c u l a t e d  m e a n  c o n c e n t r a t i o n  o f  t h e  s i x  e l e m e n t s  M n ,  F e ,  C u ,  Z n ,  B r  
a n d  P b  i n  c o m p a r i s o n  w i t h  r e s u l t s  o b t a i n e d  b y  C a w s e  ( 1974) a n d  S a l m o n  
( 1978)  a t  a  U K A E A  s a m p l i n g  s t a t i o n  a t  C h i l t o n ,  O x f o r d s h i r e  o v e r  a  
n u m b e r  o f  y e a r s .
E l e m e n t  C o n c e n t r a t i o n  n g . m ” 3
C h i l t o n
G u i l d f o r d
C a w s e  S a l m o n
M n 25 25 32
F e 180 370 840
C u 30 <  9 16
Z n 80 160 250
B r 60 111 22
P b 60 203 129
A n  i n i t i a l r e a s o n  f o r  t h e  i n v e s t i g a t i o n  o f t h e c u r r e n t  p r o j e c t  w a s  t o
e x a m i n e  t h e f i n e - s t r u c t u r e  i n  t h e  t e m p o r a l v a r i a t i o n s  o f  a e r o s o l  a t
G u i l d f o r d  t o  c o m p l e m e n t  p r e v i o u s  m e a s u r e m e n t s  c a r r i e d  o u t  b y  H a s a n
a n d  S p y r o u  ( 1972)  o n  t h e  d a i l y  v a r i a t i o n s  o f  e l e m e n t s  u s i n g  n e u t r o n
a c t i v a t i o n  a n a l y s i s .  T h e  f o l l o w i n g  t a b l e  c o n t r a s t s  t h e s e  m e a s u r e m e n t s  
w i t h  t h e  c u r r e n t  m e a s u r e m e n t s  u s i n g  P I X E  a n a l y s i s .
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P r e s e n t  H a s a n
M e a n  M D L  M e a n  M D L
N a  2500 300
A l  4000 10
C l  5300 300
V  10 4210 4
M n  25 10 33 2 .
F e  180 10
C u  30 10
Z n  80 10
B r  60 15 180 100
I n  400 0.05  0.08
P b  60 15
T h e  p r o j e c t  h a s  s h o w n  t h a t  v a r i a t i o n s  o f  e l e m e n t a l  c o n c e n t r a t i o n s  
o v e r  s a m p l i n g  t i m e s  o f  t h e  o r d e r  o f  a  f e w  h o u r s  a r e  s i g n i f i c a n t  a n d  t h a t  
m u c h  i n f o r m a t i o n  o n  t h e  b e h a v i o u r  o f  t h e  a t m o s p h e r i c  a e r o s o l  m a y  b e  l o s t  
i f  s a m p l i n g  t i m e s  a r e  e x t e n d e d  t o  m e a s u r e  o n l y  d a i l y  v a r i a t i o n s .
E le m e n t C o n c e n tra t io n  n g .m~3
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C H A P T E R  7 
C O M P L E M E N T A R Y  A N A L Y T I C A L  T E C H N I Q U E S
T h e  d e t e c t i o n  o f  c h a r a c t e r i s t i c  X - r a y s  f r o m  s a m p l e s  e x c i t e d  b y  
2 M e V  p r o t o n  b o m b a r d m e n t  r e p r e s e n t s  o n l y  o n e  t e c h n i q u e  f r o m  t h e  
l a r g e  f i e l d  o f  a n a l y t i c a l  t e c h n i q u e s  b a s e d  o n  a t o m i c  a n d  n u c l e a r  
e x c i t a t i o n  p r o c e s s e s .  T h e  u s e  o f  p r o t o n  e n e r g i e s  o n e  o r d e r  o f  
m a g n i t u d e  a b o v e  o r  b e l o w  t h e  e n e r g y  u s e d  f o r  t h e  c u r r e n t  p r o j e c t  
e n a b l e s  t h e  q u a n t i t a t i v e  d e t e c t i o n  o f  K - s h e l l  X - r a y s  t o  b e  a c c o m p l i s h e d  
f r o m  e l e m e n t s  o f  h i g h - Z  a n d  l o w - Z  r e s p e c t i v e l y .  E x a m p l e s  o f  s u c h  
a p p l i c a t i o n s  h a v e  b e e n  d e s c r i b e d  b y  M o r i y a  e t  a l .  ( 1978)  w h o  u s e  150 l c e V  
p r o t o n s  f o r  l i g h t  e l e m e n t  t r a c e  a n a l y s i s ,  a n d  b y  M c K e e  e t  a l .  ( 1976)  
w h o  u s e  50 M e V  p r o t o n s  t o  e x a m i n e  h e a v y - e l e m e n t  K - s h e l l  t r a n s i t i o n s .
T h e  d e t e r m i n a t i o n  o f  t r a c e  a n d  b u l k  e l e m e n t a l  c o n c e n t r a t i o n s  i n  a e r o s o l  
s a m p l e s  m a y  b e  e x t e n d e d  e v e n  f u r t h e r  e i t h e r  b y  c h a n g i n g  t h e  n a t u r e  o f  
t h e  i n c i d e n t  r a d i a t i o n  o r  b y  d e t e c t i n g  a  d i f f e r e n t  e m i t t e d  r a d i a t i o n .
A  b r i e f  d i s c u s s i o n  o f  t h e  a p p l i c a t i o n  o f  s o m e  o f  t h e s e  t e c h n i q u e s  t o  
t h e  a n a l y s i s  o f  t i m e - r e s o l v e d  a e r o s o l  s a m p l e s  i s  g i v e n  i n  t h e  f o l l o w i n g  
s e c t i o n s .
7.1 E x t e r n a l  B e a m  A n a l y s i s
T h e  u s e  o f  a  P I X E  a n a l y s i s  s y s t e m  i n  w h i c h  t h e  s a m p l e  i s  e n c l o s e d  
i n  a  v a c u u m  c h a m b e r  s u f f e r s  f r o m  t h r e e  m a i n  d i s a d v a n t a g e s :
1 )  t h e  m o r e  v o l a t i l e  c o m p o n e n t s  o f  t h e  s a m p l e  m a y  b e  e v a p o r a t e d  o f f  
d u r i n g  t h e  i n i t i a l  p u m p i n g  s t a g e s ,  a d v e r s e l y  a f f e c t i n g  t h e  v a c u u m  
s y s t e m ,  a n d  p e r t u r b i n g  t h e  s a m p l e ,
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b )  t h e  a b s e n c e  o f  c o n v e c t i v e  c o o l i n g  o f  t h e  s a m p l e  m a y  l i m i t  t h e  
b e a m  c u r r e n t s  w h i c h  m a y  b e  u s e d ,
3)  i f  a  l a r g e  n u m b e r  o f  s e p a r a t e  s a m p l e s  a r e  t o  b e  a n a l y s e d ,  u s e f u l  
a c c e l e r a t o r  t i m e  i s  l o s t  i n  c y c l i n g  t h e  t a r g e t  c h a m b e r  t o  
a t m o s p h e r i c  p r e s s u r e  t o  c h a n g e  s a m p l e s .
T h e s e  d i s a d v a n t a g e s  m a y  b e  o v e r c o m e  b y  p a s s i n g  t h e  p r o t o n  
b e a m  t h r o u g h  a  s u i t a b l e  e x i t  w i n d o w  i n t o  a i r  b e f o r e  a l l o w i n g  i t  t o  
s t r i k e  t h e  s a m p l e .  S u c h  a  s y s t e m  a l l o w s  f o r  r a p i d  s a m p l e  c h a n g i n g ,  
r e d u c e d  s a m p l e  d a m a g e  a n d  e l e m e n t a l  v o l a t a l i s a t i o n  d u e  t o  o v e r h e a t i n g  a n d  
i t  m a y  e n a b l e  a n  i n c r e a s e  i n  t h e  a b s o l u t e  d e t e c t i o n  e f f i c i e n c y  s y s t e m  
d u e  t o  t h e  a b i l i t y  t o  e m p l o y  t i g h t e r  d e t e c t i o n  g e o m e t r i e s .  S e e m a n  a n d  
S h a n e  ( 1975)  d e s c r i b e  a  s y s t e m  f o r  p a s s i n g  a  3 M e V  p r o t o n  b e a m  t h r o u g h  
a  0.13  y m  ( 0.12  m g . c m - 2 )  t h i c k  n i c k e l  e x i t  w i n d o w  o f  5 m m  d i a m e t e r  a n d  
t h e  s u b s e q u e n t  u s e  o f  t h i s  b e a m  f o r  t r a c e  e l e m e n t  a n a l y s i s .
S o m e  i n v e s t i g a t i o n  h a s  b e e n  c a r r i e d  o u t  o n  t h e  U n i v e r s i t y  o f  S u r r e y  
a c c e l e r a t o r  o n  t h e  f e a s i b i l i t y  o f  u s i n g  a n  e x t e r n a l  b e a m  t e c h n i q u e  f o r  
t h e  a n a l y s i s  o f  t h e  G u i l d f o r d  a i r  s a m p l e s .  A n  e x i t  w i n d o w  a s s e m b l y  w a s  
d e s i g n e d  w h i c h  a l l o w e d  f o r  t h e  l o c a t i o n  o f  e i t h e r  a n  e x i t  f o i l  o r  a  
g o l d - c o a t e d  q u a r t z  v i e w i n g  d i s c  ( F i g .  7 . 1) .  T h e  q u a r t z  d i s c  w a s  e m p l o y e d
t o  f a c i l i t a t e  a c c u r a t e  l o c a t i o n  o f  t h e  b e a m  i n  t h e  c e n t r e  o f  t h e  e x i t
if
f o i l .  V a c u u m  i n t e g r i t y  w a s  m a i n t a i n e d  u s i n g  o r d i n a r y  V i t o n  " 0" - r i n g  
s e a l s .
T h e  m e a s u r e m e n t s  o f  S e a m a n  a n d  S h a n e  i n d i c a t e d  t h a t  a l u m i n i u m  e x i t  
w i n d o w s  o f  l e s s  t h a n  25 y m  t h i c k n e s s  a n d  o f  ' v  6 m m  d i a m e t e r  c o u l d  n o t  
m a i n t a i n  a  v a c u u m  a n d  f o r  t h i s  r e a s o n  t h e y  u s e d  n i c k e l  e x i t  w i n d o w s .
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S A M P L E
E x i t  w i n d o w  a s s e m b l y  a n d  d e t e c t o r  g e o m e t r y  u s e d  f o r  
e x t e m a l - b e a m  P I X E  a n a l y s i s
F i g  7 . 1
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T h i s  r e s u l t  i s  q u o t e d  b y  K a t s a n d s  e t  a l .  ( 1976)  w h o  s u g g e s t  t h e  u s e  
o f  b e r y l l i u m  a s  a n  e x i t  w i n d o w .  I n i t i a l  m e a s u r e m e n t s  a t  G u i l d f o r d  
h a v e  i n d i c a t e d ,  h o w e v e r ,  t h a t  a n  a l u m i n i u m  w i n d o w  o f  12.5 y m  t h i c k n e s s  
( 3.4  m g . c m ' " 2 )  a n d  8 m m  d i a m e t e r  w i l l  m a i n t a i n  a  v a c u u m  o f  10~5 t o r r  
w i t h o u t  r u p t u r e  a n d  a l l o w  t h e  c o n t i n u o u s  t r a n s m i s s i o n  o f  ^  10 n A  o f
2 M e V  p r o t o n s .  T h e  s t a b i l i t y  o f  t h i s  f o i l  m a y  b e  d u e  t o  t h e  l a r g e
a m o u n t  o f  a r e a l  c o n t a c t  b e t w e e n  t h e  f o i l  a n d  e x i t  w i n d o w  a s s e m b l y
r e s u l t i n g  i n  n e g l i g i b l e  h e a t i n g  o f  t h e  f o i l .
T h e  e n e r g y  l o s s  o f  a n  i n c i d e n t  2 M e V  p r o t o n  b e a m  i n  p a s s i n g  
t h r d u g h  t h i s  f o i l  i s  a b o u t  0 .4  M e V  a n d - t h e  f u r t h e r  e n e r g y  l o s s  o f  t h i s  
b e a m  i n  p a s s i n g  t h r o u g h  t h e  5 m m  o f  a i r  i n b e t w e e n  t h e  w i n d o w  a n d
t a r g e t  i s  a b o u t  0.1  M e V  g i v i n g  a  b e a m ,  a t  t h e  t a r g e t ,  o f  m e a n  e n e r g y
1.5 M e V  a n d  s t r a g g l i n g  0.1  M e V  ( f . w . h . m . ) .
F o r  a n a l y s i s ,  t h e  d e t e c t o r  w a s  m o u n t e d  a t  90 °  t o  t h e  i n c i d e n t
b e a m  a n d  6 c m  f r o m  t h e  b e a m  a x i s .  T h e  m a j o r  d i s a d v a n t a g e s  e n c o u t e r e d
• i n  u s i n g  e x t e r n a l  b e a m  a n a l y s i s  a r e  t h a t  c h a r g e  i n t e g r a t i o n  b e c o m e s  l e s s  
p r e c i s e ,  b a c k g r o u n d  l e v e l s  i n c r e a s e  d u e  t o  s t a t t e r e d  X - r a y s  c h a r a c t e r i s t i c ,  
o f  t h e  e x i t  w i n d o w ,  a n d  e x c i t a t i o n  o c c u r s  o f  t h e  a r g o n  i n  t h e  a i r  g a p  
b e t w e e n  t h e  w i n d o w  a n d  s a m p l e  p r o d u c i n g  a  s t r o n g  3 k e V  A r K a  p e a k  i n  t h e  
r e c o r d e d  s p e c t r u m  ( F i g .  7 , 2) .  S o m e  o f  t h e s e  d i s a d v a n t a g e s  m a y  b e  o v e r ­
c o m e  i n  p a r t  b y  e n c l o s i n g  t h e  e x i t  w i n d o w ,  s a m p l e  a n d  d e t e c t o r  a s s e m b l i e s  
i n  a  c h a m b e r  w h i c h  i s  g a s - f l o w e d  w i t h  a  p u r e  i n e r t  g a s ,  s u c h  a s  h e l i u m ,  
d u r i n g  t h e  a n a l y s i s .  T h e  r e s u l t  o f  t h i s  i s  t o  r e d u c e  t h e  e f f e c t s  o f  
a r g o n  f l u o r e s c e n c e  w h i l s t  s t i l l  m a i n t a i n i n g  c o n v e c t i v e  c o o l i n g  o f  t h e  
s a m p l e  a n d  h e n c e  a l l o w i n g  t h e  u s e  o f  h i g h e r  b e a m  c u r r e n t s .  S u c h  a  s y s t e m  
i s  d e s c r i b e d  b y  M o d j ' t a h e d - Z e d e h  e t  a l .  ( 1975)  w h o  u s e  a  12.5  y m  t h i c h
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S Q U A R E
S p e c t r u m  o b t a i n e d  f r o m  t h e  e x t e r n a l  b e a m  a n a l y s i s  o f  t h i c k  
c o p p e r  f o i l  s h o w i n g  t h e  i n t e n s e  a r g o n  K a  p h o t o p e a k
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b e r y l l i u m  e x i t - w i n d o w  t o  p a s s  a  2.7  M e V  p r o t o n  b e a m  i n t o  a  h e l i u m -  
f l o w e d  t a r g e t  c h a m b e r .  C h a r g e  c o l l e c t i o n  i s  e f f e c t e d  b y  m e a n s  o f  
a  F a r a d a y  c u p ,  a n d  i n c r e a s e s  o f  u s e a b l e  b e a m  c u r r e n t s  b y  f a c t o r s  
o f  3- 10 ,  d e p e n d e n t  o n  t h e  s a m p l e ,  a r e  r e p o r t e d .  T h e  u s e  o f  a n  e x t e r n a l  
b e a m  f o r  t h e  r o u t i n e  a n a l y s i s  o f  t h e  G u i l d f o r d  a e r o s o l  s a m p l e s  w a s  
n o t  u s e d  d u e  t o  t h e  d i f f i c u l t y  i n  m e a s u r i n g  t h e  p r o t o n  c u r r e n t  a n d  
i n c r e a s e d  m i n i m u m  d e t e c t i o n  l i m i t s  d u e  p r i m a r i l y  t o  t h e  e x c i t a t i o n  o f  
t h e  a t m o s p h e r i c  a r g o n .  T h e  s y s t e m  h a s  b e e n  u s e d  w i t h  s o m e  s u c c e s s  i n  
t h e  a n a l y s i s  o f  b i o l o g i c a l  s a m p l e s  i n  a  s e p a r a t e  p r o j e c t .
7,2 P r o t o n  E l a s t i c  S c a t t e r i n g  A n a l y s i s
T h e  u s e  o f  P I X E  a n a l y s i s  f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  
l i g h t  e l e m e n t s  ( Z  <  20)  i n  a e r o s o l  s a m p l e s  i s  l i m i t e d ,  d u e  t o  t h e  
i n c r e a s i n g  s e l f - a b s o r p t i o n  o f  t h e  l o w  e n e r g y  c h a r a c t e r i s t i c  X - r a y s  i n  
t h e  s a m p l e  a n d  t o  t h e  r e d u c e d  e f f i c i e n c y  a n d  r e s o l u t i o n  o f  m o s t  
d e t e c t o r s  f o r  X - r a y s  o f  e n e r g y  l e s s  t h a n  'v 3 k e V .  T h e s e  p r o b l e m s  
b e c o m e  m o r e  a c u t e  f o r  t h e  l i g h t e s t  e l e m e n t s  ( Z  <  10)  w h i c h  p r o d u c e  
c h a r a c t e r i s t i c  X - r a y s  o f  e n e r g i e s  l e s s  t h a n  1 k e V .
Q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  l i g h t - e l e m e n t  c o n c e n t r a t i o n s  m a y  
b e  m a d e ,  h o w e v e r ,  b y  m e a s u r e m e n t  o f  t h e  n u m b e r  a n d  e n e r g y  o f  p r o t o n s  
w h i c h  a r e  e l a s t i c a l l y  b a c k s c a t t e r e d  t h r o u g h  a  k n o w n  a n g l e  w h e n  a  
p r o t o n  b e a m  o f  k n o w n  e n e r g y  i s  i n c i d e n t  u p o n  a  s a m p l e .  D e t e c t i o n  o f  
t h e  b a c k s c a t t e r e d  p r o t o n s  i s  u s u a l l y  c a r r i e d  o u t  u s i n g  a  s u r f a c e -  
b a r r i e r  d e t e c t o r  o f  w e l l - d e f i n e d  g e o m e t r y  a n d  h i g h  r e s o l u t i o n ,  
t y p i c a l l y  22 k e V  a t  10 M e V .  T h i s  m a y  b e  i n c o r p o r a t e d  i n  a  P I X E  
a n a l y s i s  s y s t e m  t o  a l l o w  t h e  d e t e r m i n a t i o n  o f  b o t h  t h e  l i g h t  a n d  h e a v y  
( Z  >  20)  c o m p o n e n t s  t o  b e  c a r r i e d  o u t  a t  t h e  s a m e  t i m e .
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T h e  u s e  o f  p r o t o n  e l a s t i c  s c a t t e r i n g  a n a l y s i s  ( P E S A )  f o r  t h e  
d e t e r m i n a t i o n  o f  l i g h t  e l e m e n t s  i n  a e r o s o l  s a m p l e s  n o r m a l l y  r e q u i r e s  
a  p r o t o n  b e a m  o f  t h e  o r d e r  o f  10 M e V .  T h i s  e n e r g y  i s  a b o v e  t h e  p r o t o n  
e n e r g i e s  u s e d  f o r  m u c h  P I X E  a n a l y s i s  f o r  t w o  r e a s o n s :  ( i )  a t  l o w e r
p r o t o n  e n e r g i e s  t h e  e l a s t i c  s c a t t e r i n g  y i e l d  i s  m o r e  l i k e l y  t o  v a r y  
s t r o n g l y  w i t h  p r o t o n  e n e r g y  d u e  t o  r e s o n a n t  s c a t t e r i n g  i f  t h i s  o c c u r s ,  
t h e  e n e r g y  s p r e a d  o f  t h e  i n c i d e n t  b e a m  w i t h i n  t h e  s a m p l e  m a y  r e s u l t  i n  
t h e  a b s o l u t e  c a l i b r a t i o n  o f  t h e  s y s t e m  b e i n g  a  f u n c t i o n  o f  t h e  t a r g e t  
t h i c k n e s s ,  ( i i )  f o r  a  g i v e n  t a r g e t  t h i c k n e s s  t h e  p r o t o n s  s c a t t e r e d  
f r o m  t w o  n u c l e i  d i f f e r i n g  i n  m a s s  b y  o n e  a t o m i c  m a s s  u n i t  a r e  n o t  
r e s o l v a b l e  i f  t h e  d i f f e r e n c e  i n  s c a t t e r e d - p r o t o n  e n e r g y  i s  e q u a l  t o  
o r  l e s s  t h a n  t h e  e n e r g y  l o s s  o f  t h e  i n c i d e n t  p r o t o n s  i n  t h e  t a r g e t .
F o r  h i g h e r  e n e r g y  i n c i d e n t  p r o t o n s ,  t h e  e n e r g y  l o s s  a n d  s t r a g g l i n g  i n  
t h e  s a m p l e  d e c r e a s e  w h i l s t  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  s c a t t e r e d  
p r o t o n s  f r o m  a d j a c e n t  m a s s  n u c l e i  i n c r e a s e s .  T h e  u s e  o f  P E S A  a s  a p p l i e d  
t o  a e r o s o l  s a m p l e s  h a s  b e e n  d i s c u s s e d  i n  d e t a i l  b y  N e l s o n  a n d  M e i n e r t  
( 1975)  w h o  i n d i c a t e  t h a t ,  f o r  a  t a r g e t  c o m p r i s i n g  m a i n l y  c a r b o n a c e o u s  
m a t e r i a l  o f  a r e a l  d e n s i t y  a ,  1 m g . c m ” 2 ,  s i l i c o n  a n d  a l i m i n i u m  c a n  j u s t  
b e  r e s o l v e d  w i t h  a n  e n e r g y  d i f f e r e n c e  o f  a ,  45 k e V  u s i n g  a n  i n c i d e n t  
p r o t o n  e n e r g y  o f  11 M e V .  M o r e  r e c e n t l y ,  P E S A  h a s  b e e n  a p p l i e d  t o  t h e  
d e t e c t i o n  o f  b e r y l l i u m  i n  s i m u l a t e d  a e r o s o l  s a m p l e s  ( H u d s o n  e t  a l . ,  1978)  
u s i n g  16 M e V  i n c i d e n t  p r o t o n s .  I n  t h i s  w o r k ,  H u d s o n  e t  a l .  c o n c l u d e  
t h a t ,  u n d e r  o p t i m u m  s a m p l i n g  a n d  a n a l y s i s  c o n d i t i o n s ,  b e r y l l i u m  l e v e l s  
d o w n  t o  10 n g  m ” 3 ,  t h e  U S A  n o n - o c c u p a t i o n a l  e x p o s u r e  l i m i t ,  s h o u l d  b e  
o b t a i n a b l e .  A  m a j o r  f a c t o r  l i m i t i n g  t h e .  u s e  o f  P E S A  f o r  r o u t i n e  a n a l y s i s  
o f  a e r o s o l  s a m p l e s  i s  d u e  t o  t h e  h i g h  p r o t o n  e n e r g i e s  n o r m a l l y  r e q u i r e d  
( r o  10 M e V )  w i t h  g o o d  e n e r g y  r e s o l u t i o n .  T h e  a n a l y s e s  o f  N e l s o n  a n d
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M e i n e r t  a r e  c a r r i e d  o u t  u s i n g  a  T a n d e m  V a n  d e  G r a a f f  a c c e l e r a t o r ,
P I X E  a n a l y s i s  b e i n g  c a r r i e d  o u t  f i r s t  u s i n g  4 M e V  p r o t o n s  a n d  
s u b s e q u e n t  P E S A  a n a l y s i s  b e i n g  c a r r i e d  o u t  o n  t h e  s a m e  s a m p l e s  u s i n g  
p r o t o n s  o f  16 M e V .
7.3 H e a v y - i o n  I n d u c e d  X - r a y  E m i s s i o n
I n n e r - s h e l l  i o n i s a t i o n  a n d  s u b s e q u e n t  c h a r a c t e r i s t i c  X - r a y  e m i s s i o n  
m a y  b e  e f f e c t e d  b y  p o s i t i v e  i o n s  o t h e r  t h a n  p r o t o n s .  A t  p r e s e n t ,  
m o s t l y  d u e  t o  l a c k  o f  a v a i l a b l e  i o n  b e a m s ,  l i m i t e d  r e s e a r c h  h a s  b e e n  
c a r r i e d  o u t  o n  t h e  u s e  o f  h e a v y - i o n  X - r a y  g e n e r a t i o n  a s  a n  a n a l y t i c a l
t o o l ,  t h e  m a j o r i t y  o f  t h i s  r e s e a r c h  b e i n g  d i r e c t e d  t o w a r d s  t h e  u s e  o f
a - p a r t i e l e s .  T h e  m a i n  a d v a n t a g e  a s s o c i a t e d  w i t h  u s i n g  h e a v y  i o n s  t o  
i n d u c e  X - r a y  e m i s s i o n  i s  i n  t h e  w a y  t h e  i o n i s a t i o n  c r o s s - s e c t i o n  s c a l e s ;  
f o r  i n c i d e n t  i o n s  o f  e q u a l  v e l o c i t y ,  t h e  i o n i s a t i o n  c r o s s - s e c t i o n  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  i n c i d e n t  a t o m i c  n u m b e r  ( M e r z b a c h e r  a n d  
L e w i s ,  1958) .  T h i s  i m p l i e s  t h a t  a n  i n c r e a s e  i n  p r o d u c t i o n  c r o s s - s e c t i o n
b y  a  f a c t o r  o f  4 m a y  b e  o b t a i n e d  b y  u s i n g  8 M e V  a - p a r t i c l e  e x c i t a t i o n
a s  o p p o s e d  t o  2 M e V  p r o t o n s .  A n  a d d i t i o n a l  a d v a n t a g e  i n  u s i n g  h e a v i e r  
i o n s ,  p a r t i c u l a r l y  a - p a r t i c l e s ,  i s  i n  t h e  r e d u c t i o n  o f  d i r e c t l y  p r o d u c e d  
b r e m s s t r a h l u n g .  T h e  d i f f e r e n t i a l  c r o s s - s e c t i o n ,  a ,  w i t h  r e s p e c t  t o  
p h o t o n  e n e r g i e s ,  E  ,  f o r  d i r e c t  b r e m s s t r a h l u n g  p r o d u c t i o n  m a y  b e  w r i t t e n  
i n  t h e  f o r m  ( F o l k m a n n  e t  a l . ,  1974)
w h e r e  Z ,  A ,  E  r e f e r  t o  t h e  c h a r g e ,  m a s s  a n d  e n e r g y  o f  t h e  i n c i d e n t  
p a r t i c l e  a n d  Z^t A ^  r e f e r  t o  t h e  c h a r g e  a n d  m a s s  o f  t h e  t a r g e t  m a t e r i a l .  
F r o m  t h i s  e x p r e s s i o n ,  i t  c a n  b e  s e e n  t h a t  w h e n  t h e  r a t i o  Z / A  i s  e q u a l  
t o  t h e  r a t i o  Z ^ / A ^ ,  t h e  d i r e c t  b r e m s s t r a h l u n g  c o m p o n e n t  o f  t h e  b a c k g r o u n d
d g
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v a n i s h e s .  F o r  m a n y  e n v i r o n m e n t a l  s a m p l e s  t h e  r a t i o  Z^/k  ^ i s  
a p p r o x i m a t e l y  1/2 a n d  s o  a n a l y s i s  u s i n g  a - p a r t i c l e s  o r  i o n s  o f  o t h e r  
l i g h t  e l e m e n t s  r e s u l t s  i n  a  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  d i r e c t  
b r e m s s t r a h l u n g  b a c k g r o u n d .  A l t h o u g h  i o n i s a t i o n  c r o s s - s e c t i o n s  f o r  
h e a v y - i o n  c o l l i s i o n s  m a y  b e  e s t i m a t e d  f r o m  s c a l i n g  c o n s i d e r a t i o n s ,  t h e  
v a r i a t i o n  o f  c r o s s - s e c t i o n  w i t h  p a r t i c l e  e n e r g y ,  p a r t i c u l a r l y  f o r  l o w  
i n c i d e n t  e n e r g i e s ,  i s  n o t  a l w a y s  s m o o t h  a n d  m a y  s h o w  m a r k e d  r e s o n a n c e s  
a t  p a r t i c u l a r  e n e r g i e s  p e c u l i a r  t o  t h e  i o n - t a r g e t  s y s t e m .  S u c h  r e s o n a n c e s  
m a y  b e  d u e  i n  p a r t  t o  t h e  f o r m a t i o n  o f  a  t r a n s i e n t  m o l e c u l a r  s t a t e  w i t h  
i t s  o w n  c h a r a c t e r i s t i c  e n e r g y  l e v e l s  d u r i n g  t h e  c o l l i s i o n  p r o c e s s .  I n  
s u c h  a  s y s t e m ,  m a x i m a  i n  i o n i s a t i o n  c r o s s - s e c t i o n s  o c c u r  w h e n e v e r  t h e  
r e a r r a n g e m e n t  o f  t h e  p a r t i c i p a t i n g  a t o m  e n e r g y  l e v e l s  c a u s e s  a  f i l l e d  
o r b i t a l  t o  c r o s s  a  p a r t i a l l y  f i l l e d  o r b i t a l  ( S a r i s ,  1971) .  T h e  s p e c t r a  
o b t a i n e d  f r o m  h e a v y - i o n  e x c i t a t i o n  m a y  a l s o  s h o w  a  m a r k e d  d e g r e e  o f  
c h a r a c t e r i s t i c - p h o t o p e a k  l i n e - s h i f t  d u e  t o  m u l t i p l e  i o n i s a t i o n  o f  t h e  
t a r g e t  a t o m  c a u s i n g  a  s h i f t  i n  t h e  r e m a i n i n g  e l e c t r o n  b i n d i n g  e n e r g i e s .  
D i s c u s s i o n  b y  F o l k m a n n  e t  a l .  ( 1974)  i n d i c a t e s  t h a t  t h e  o v e r a l l  
s e n s i t i v i t y  o f  a  h e a v y - i o n  i n d u c e d  X - r a y  a n a l y s i s  s y s t e m  f o r  m o s t  a n a l y s e s  
i s  n o t  a s  g o o d  a s  m a y  b e  o b t a i n e d  b y  u s i n g  p r o t o n s .  T h i s  i s  d u e  p r i m a r i l y  
t o  a n  o v e r a l l  i n c r e a s e  i n  b a c k g r o u n d  d u e  t o  C o m p t o n  s c a t t e r i n g  o f  n u c l e a r -  
r e a c t i o n  y - r a y s  o u t w e i g h i n g  t h e  a d v a n t a g e s  o f  i n c r e a s e d  p r o d u c t i o n  c r o s s -  
s e c t i o n  a n d  r e d u c e d  d i r e c t  b r e m s s t r a h l u n g .  T h e  v e r y  s h o r t  r a n g e  o f  h e a v y  
i o n s  i n  m o s t  s o l i d s  d o e s  m e a n ,  h o w e v e r ,  t h a t  h e a v y - i o n  i n d u c e d  X - r a y  e m i s s i o n  
a n a l y s i s  i s  e s s e n t i a l l y  a  s u r f a c e  a n a l y s i s  t e c h n i q u e .  T h e  u s e  o f  s u c h  
a n a l y s i s  f o r  d e p t h  p r o f i l i n g  o f  i m p u r i t i e s  a n d  i m p l a n t s  i n  s e m i c o n d u c t i n g  
c h i p s  h a s  b e e n  d e s c r i b e d  b y  C a i r n s  e t  a l .  ( 1970) .  A l t h o u g h  t h e  t e r m i n a l  
v o l t a g e  o f  t h e  U n i v e r s i t y  o f  S u r r e y  V a n  d e  G r a a f f  a c c e l e r a t o r  i s
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n o m i n a l l y  2 M V ,  c u r r e n t  l i m i t a t i o n s  i n  t h e  a c c e l e r a t o r  b e a m  a n a l y s i n g  
m a g n e t  m e a n t  t h a t  h e a v y  i o n s  ( e . g .  160 )  o f  m o r e  t h a n  1 M e V  e n e r g y  
c o u l d  n o t  b e  d e l i v e r e d  t o  t h e  P h y s i c s  D e p a r t m e n t  b e a m  l i n e  w h i c h  
w a s  l o c a t e d  a t  30°  t o  t h e  a c c e l e r a t o r  a x i s .  T h e  a n a l y s i s  o f  a e r o s o l  
s a m p l e s  w a s  f o u n d  t o  b e  i m p o s s i b l e  u s i n g  s u c h  i o n s  a s  t h e i r  e n e r g y  
d e p o s i t i o n  i n  t h e  s a m p l e  r e s u l t e d  i n  e x t r e m e  s a m p l e  d a m a g e .
7 . 4 - X - r a y  F l u o r e s c e n c e  A n a l y s i s  ( X R F )
E x c i t a t i o n  o f  i n n e r - s h e l l  e l e c t r o n s  m a y  b e  c a r r i e d  o u t  b y  u s i n g  
p h o t o e l e c t r i c  i o n i s a t i o n  a s  w e l l  a s  c h a r g e d - p a r t i c l e  e x c i t a t i o n .  T h e  
r e s u l t i n g  d e - e x c i t a t i o n  b y  X - r a y  e m i s s i o n  i s  i n d e p e n d e n t  o f  t h e  
i n i t i a l  m o d e  o f  i o n i s a t i o n .  P h o t o e l e c t r i c  c r o s s - s e c t i o n s  d o  n o t  
v a r y  s m o o t h l y  a s  d o  p r o t o n  c r o s s - s e c t i o n s  w i t h  i n c i d e n t  e n e r g y ,  b u t  
i n s t e a d  t h e y  e x h i b i t  a  s h a r p  i n c r e a s e  w h e n  t h e  i n c i d e n t  p h o t o n  
e n e r g y  b e g i n s  t o  e x c e e d  t h e  b i n d i n g  e n e r g y  o f  a  p a r t i c u l a r  s h e l l .
T h e s e  r e s u l t s  i m p l y  t h a t  s e l e c t i v e  i o n i s a t i o n  o f  p a r t i c u l a r  a t o m i c  
l e v e l s  m a y  b e  c a r r i e d  o u t  b y  j u d i c i o u s  s e l e c t i o n  o f  t h e  i n c i d e n t  p h o t o n  
e n e r g y .  T h i s  m a y  b e  a d v a n t a g e o u s  f o r  m u l t i - e l e m e n t  a n a l y s i s ,  h o w e v e r ,  
w h e r e  m o r e  u n i f o r m  e x c i t a t i o n  i s  r e q u i r e d .  I n  s u c h  c a s e s  p h o t o e l e c t r i c  
e x c i t a t i o n  m a y  b e  c a r r i e d  o u t  u s i n g  a  s p e c t r u m  o f  m u l t i p l e  p h o t o n  
e n e r g i e s  o r  a  c o n t i n u u m  a s  m a y  b e  o b t a i n e d  f r o m  a n  X - r a y  t u b e .  X R F  
p h o t o n  s o u r c e s  a r e  g e n e r a l l y  m o r e  r e a d i l y  a v a i l a b l e  t h a n  c h a r g e d  p a r t i c l e  
s o u r c e s .  I n  p a r t i c u l a r ,  h i g h  a c t i v i t y  r a d i o i s o t o p e  s o u r c e s  m a y  b e  
u s e d  w h i c h  e m i t  s t r o n g  c h a r a c t e r i s t i c  X - r a y s  o r  y - r a y s ,  e x a m p l e s  o f  
t h e s e  a r e  3 3 F e  a n d  ? ® 3 C d  b o t h  o f  w h i c h  d e c a y  b y  e l e c t r o n  c a p t u r e  t o  e m i t  
M n ( K a  = 5.9  k e V )  a n d  A g ( K a  =  22.1  k e V )  c h a r a c t e r i s t i c  X - r a y s  r e s p e c t i v e l y .  
T h e  * 09 C d  a l s o  e m i t s  a n  88 k e V  y - r a y .  T h e  u s e  o f  t h e s e  p a r t i c u l a r  s o u r c e s ,
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o f  a c t i v i t y  100 m C i ,  f o r  t r a c e  e l e m e n t  a n a l y s i s  h a s  b e e n  d e s c r i b e d  
b y  C o o p e r  ( 1973) .  O t h e r  s o u r c e s  o f  p h o t o n s  w i t h  a  s i m p l e  l i n e  s p e c t r u m  
i n c l u d e  s e c o n d a r y - f l u o r e s c e n c e  e m i t t e r s .  S u c h  s o u r c e s  u s u a l l y  c o m p r i s e  
a n  i n i t i a l  e x c i t a t i o n  s o u r c e  w h i c h  i s  u s e d  t o  f l u o r e s c e  c h a r a c t e r i s t i c  
X - r a y s  f r o m  a  p u r e  t a r g e t  m a t e r i a l .  T h e s e  c h a r a c t e r i s t i c  X - r a y s  m a y  
t h e n  b e  u s e d  t o  e x c i t e  t r a n s i t i o n s  i n  t h e  s a m p l e  t o  b e  a n a l y s e d .  I n  
t h e s e  c a s e s ,  t h e  i n i t i a l  e x c i t a t i o n  s o u r c e  i s  o f t e n  a  r a d i o i s o t o p e  
e m i t t i n g  y - r a y s  o n t o  a  p r e s e l e c t e d  t a r g e t  a l t h o u g h  c r *  a n d  3-  s o u r c e s  a r e  
o c c a s i o n a l l y  u s e d  ( R h o d e s ,  1966) ,  A  p o s s i b l e  e x c i t a t i o n  o f  t h i s  i s  
t o  u s e  P I X E  t o  p r o d u c e  c h a r a c t e r i s t i c  X - r a y s  f r o m  p u r e  f o i l s .  I n  
s u c h  a  s y s t e m  a  t a r g e t - c h a r g i n g  a s s e m b l y  c o u l d  h o l d  a  l a r g e  n u m b e r  o f  
p u r e  f o i l s  e a c h  o f  w h i c h  c o u l d  b e  i n t r o d u c e d  i n t o  t h e  p r o t o n  b e a m  t o  
p r o d u c e  a  c l e a n ,  c h a r a c t e r i s t i c  s p e c t r u m .  T h e  t o t a l  p h o t o n  e m i s s i o n  i s  
t h e n  c o n t r o l l a b l e  b y  v a r y i n g  t h e  b e a m  c u r r e n t  t h u s  a l l o w i n g  f o r  c o n s  t a n t -  
g e o m e t r y  d e t e c t i o n  b y  r e m o v i n g  a n y  n e c e s s i t y  f o r  c h a n g i n g  t h e  s o u r c e -  
s a m p l e  d i s t a n c e  t o  a c c o m m o d a t e  v a r i a b l e  i n t e n s i t y  p h o t o n  e m i s s i o n s .
C o o p e r  ( 1973) ,  i n  a  c o m p a r i s o n  b e t w e e n  p h o t o n  a n d  c h a r g e d  p a r t i c l e  
i n d u c e d  X - r a y  a n a l y s i s ,  d e s c r i b e s  a  t e r t i a r y  f l u o r e s c e n c e  t e c h n i q u e  i n  
w h i c h  a n  e l e c t r o n  b e a m  i s  u s e d  t o  p r o d u c e  b r e m s s t r a h l u n g  f r o m  a  t a r g e t  
w h i c h  i n  t u r n  i s  u s e d  t o  e x c i t e  c h a r a c t e r i s t i c  X - r a y s  f r o m  a  s e c o n d  
t a r g e t  w h i c h  a r e  t h e n  u s e d  f o r  t h e  a n a l y s i s .  A s  d e s c r i b e d  p r e v i o u s l y ,  
a n a l y s i s  m a y  b e  c a r r i e d  o u t  d i r e c t l y  u s i n g  t h e  b r e m s s t r a h l u n g  s p e c t r u m  
f r o m  a n  X - r a y  t u b e  t o  e x c i t e  t h e  s a m p l e .  E n h a n c e d  s e n s i t i v i t y  m a y  
o c c u r ,  h o w e v e r ,  f o r  t h o s e  e l e m e n t s  i n  t h e  s a m p l e  w i t h  o b s o r p t i o n  
e d g e s  j u s t  b e l o w  t h e  c h a r a c t e r i s t i c  r a d i a t i o n  f r o m  t h e  t u b e  a n o d e  
( G i l f r i c h  e t  a l . ,  1973) .  T h i s  m a y  b e  p a r t i c u l a r l y  n o t i c e a b l e  i n  t h e  
c a s e  o f  a  t u n g s t e n  a n o d e  ( L a  =  8.4  k e V )  u s e d  t o  e x c i t e  t r a n s i t i o n s  i n
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a e r o s o l  s a m p l e s  w h i c h  i n  m o s t  c a s e s  c o n t a i n  a  s i g n i f i c a n t  i r o n  
c o m p o n e n t  ( F e * ^ g g  =  7.1  k e V )  .  A  m o r e  u n i f o r m  s e n s i t i v i t y  m a y  b e  
o b t a i n e d  i n  t h i s  c a s e  i f  s o m e  p r e - f i l t e r i n g  o f  t h e  e x c i t a t i o n  s p e c t r u m  
i s  c a r r i e d  o u t  u s i n g  a  n i c k e l  f i l t e r  ( N i . K ^ g g  =  8.3  k e V ) .  S e c o n d a r y  
b r e m s s t r a h l u n g  e m i s s i o n  s o u r c e s  a r e  a l s o  a v a i l a b l e  i n  t h e  f o r m  o f  
a  3“ e m i t t i n g  r a d i o i s o t o p e  a n d  t a r g e t  a s s e m b l y .  A n a l y s i s  m a y  b e  
c a r r i e d  o u t  u s i n g  a  l l f 7 P m  0 .2  M e V  3- e m i t t i n g  s o u r c e  a n d  A l  t a r g e t  f o r  
e x c i t a t i o n  i n  t h e  r a n g e  10-70  k e V .  T h i s  a r r a n g e m e n t  u s u a l l y  r e q u i r e s  
a  s o u r c e  o f  a c t i v i t y  £  r o  0,5  C i .  A  d e t a i l e d  r e v i e w  o f  X R F  s y s t e m s  h a s  
b e e n  p r e s e n t e d  b y  R h o d e s  ( 1971) ,  T h e  m a j o r  d i s a d v a n t a g e  a s s o c i a t e d  w i t h  
X R F  a n a l y s i s  i s  t h e  i n c r e a s e d  b a c k g r o u n d  l e v e l s  p r o d u c e d  b y  s c a t t e r i n g  
o f  t h e  e x c i t a t i o n  r a d i a t i o n  f r o m  t h e  s a m p l e  a l t h o u g h  d e t a i l e d  
c o m p a r i s o n s  b e t w e e n  d i f f e r e n t  X - r a y  s p e c t r o m e t r y  t e c h n i q u e s  b y  C a m p  a t  
a l .  ( 1974 ,  1975) ,  G i l f r i c h  e t  a l ,  ( 1973 )  a n d  R u d o l p h  e t  a l .  ( 1972)  
i n d i c a t e  t h a t ,  f o r  t h e  a n a l y s i s  o f  a e r o s o l s ,  X R F  a n d  P I X E  a n a l y s i s  
s h o w  c o m p a r a b l e  d e t e c t i o n  l i m i t s  a n d  s e n s i t i v i t i e s .
7.5 E l e c t r o n  M i c r o p r o b e  M i c r o a n a l y s i s
T h e  u s e  o f  a  f o c u s s e d  b e a m  o f  e l e c t r o n s  t o  i n d u c e  X - r a y  e m i s s i o n  
i n  s a m p l e s  h a s  f o u n d  m a n y  a p p l i c a t i o n s  s i n c e  i t s  d e v e l o p m e n t  b y  
C a s t a i n g  ( 1951) .  I n  a  t y p i c a l  e l e c t r o n  m i c r o p r o b e  m i c r o a n a l y s i s  ( E M M A )  
s y s t e m ,  e l e c t r o n s  f r o m  a  t h e r m i o n i c  s o u r c e  a r e  a c c e l e r a t e d  t o  a n  
e n e r g y  o f  ^  30 l c e V  a n d  f o c u s s e d  t o  a  b e a m  o f  d i a m e t e r  ^  1 p m  b y  a  
m a g n e t i c  l e n s  s y s t e m  c o m p r i s i n g  u s u a l l y  t w o  l e n s e s .  X - r a y s  i n d u c e d  f r o m  
t h e  t a r g e t  u s i n g  t h i s  f o c u s s e d  b e a m  m a y  b e  d e t e c t e d  w i t h  a  s o l i d - s t a t e  
d e t e c t o r  o r  w a v e l e n g t h - d i s p e n s i v e  B r a g g  s p e c t r o m e t e r .  T h e  r a n g e  o f  t h e  
e l e c t r o n s  i n  m o s t  s a m p l e s  i s  o f  t h e  o r d e r  A/ 1 p m  w h i c h  m e a n s  t h a t  
a n a l y s i s  i s  l i m i t e d  t o  s u r f a c e  l a y e r s  o f  t h e  s a m p l e  o n l y .  T h i s  a l s o
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m e a n s  t h a t  t h e  c h a r a c t e r i s t i c  X - r a y  p r o d u c t i o n  c r o s s - s e c t i o n ,  w h i c h  
v a r i e s  w i t h  e l e c t r o n  e n e r g y ,  i s  n o t  c o n s t a n t  b u t  v a r i e s  w i t h  d e p t h  
i n  t h e  s a m p l e .  T h e  l a r g e  n u m b e r  o f  i n e l a s t i c  s c a t t e r i n g  e v e n t s  
w h i c h  o c c u r  i f  t h e  e l e c t r o n  h a s  a n  i n i t i a l  e n e r g y  o f  m o r e  t h a n  10 k e V  
d o e s  a l l o w  a  " c o n t i n u o u s  s l o w i n g  d o w n "  a p p r o x i m a t i o n  t o  b e  m a d e  i n  
o r d e r  t o  c a l c u l a t e  t o t a l  p r o d u c t i o n  e f f i c i e n c i e s .  F o r  e l e c t r o n s  i n  
t h e  r a n g e  20-50  k e V ,  t h e  i o n i s a t i o n  c r o s s - s e c t i o n  i s  o f  t h e  s a m e  o r d e r  
a s  f o r  2-4  M e V  p r o t o n s  a n d  s h o w s  a  s i m i l a r  v a r i a t i o n  w i t h  a t o m i c  
n u m b e r  ( F o l k m a n n  e t  a l . ,  1974) .  A  v e r y  l a r g e  i n c r e a s e  i n  b a c k g r o u n d  
l e v e l s  c o m p a r e d  t o  p r o t o n s  i s  o b t a i n e d  w h e n  u s i n g  e l e c t r o n s  t o  i n d u c e  
c h a r a c t e r i s t i c  X - r a y  e m i s s i o n ,  d u e  t o  t h e  m u c h  b i g g e r  d i r e c t  b r e m s s t r a h ­
l u n g  y i e l d  f r o m  t h e  i n c i d e n t  b e a m  w h i c h  e x t e n d s  i n  e n e r g y  u p  t o  t h a t  
o f  t h e  i n c i d e n t  e l e c t r o n s .  W i t h  a  c a p a b i l i t y  o f  a n a l y s i n g  a  n o m i n a l  
v o l u m e  o f  ' v  1 y m 3 ,  e l e c t r o n  m i c r o a n a l y s i s  h a s  l i t t l e  a p p l i c a t i o n  t o  t h e  
r o u t i n e  a n a l y s i s  o f  a e r o s o l  s a m p l e s  b u t  i s  p e r h a p s  b e t t e r  s u i t e d  t o  t h e  
a n a l y s i s  o f  i n d i v i d u a l  p a r t i c l e s .  A  d e t a i l e d  a c c o u n t  o f  e l e c t r o n  m i c r o ­
p r o b e  a n a l y s i s  i s  g i v e n  i n  a  m o n o g r a p h  b y  R e e d  ( 1975) .
R e c e n t  i m p r o v e m e n t s  i n  f o c u s s i n g  m a g n e t  d e s i g n  h a v e  l e d  t o  t h e  
d e v e l o p m e n t  o f  p r o t o n  m i c r o p r o b e  s y s t e m s  c a p a b l e  o f  f o c u s s i n g  o n  
i n i t i a l l y  w e l l - c o l l i m a t e d  p r o t o n  b e a m  t o  a  d i a m e t e r  o f  a  f e w  m i c r o ­
m e t e r s .  S u c h  a  s y s t e m ,  p r o d u c i n g  a  f o c u s s e d  b e a m  o f  4 y m  d i a m e t e r  3 M e V  
p r o t o n s ,  h a s  b e e n  d e s c r i b e d  b y  C o o k s o n  a n d  P i l l i n g  ( 1970 )  a n d  h a s  b e e n  
u s e d  f o r  a  n u m b e r  o f  p r o j e c t s  i n v o l v i n g  P I X E  a n a l y s i s .  O n e  d i s a d v a n t a g e  
a s s o c i a t e d  w i t h  s u c h  a  s y s t e m  i s  t h e  s h o r t  f o c a l  l e n g t h  o f  t h e  m a g n e t i c  
l e n s  a s s e m b l y  w h i c h  t h u s  r e q u i r e s  c a r e f u l  l o c a t i o n  o f  t h e  t a r g e t  p l a n e  
i n  o r d e r  t o  a c h i e v e  m a x i m u m  s p a t i a l  r e s o l u t i o n  o f  t h e  b e a m  s p o t .  A  
f o u r - s t a g e  q u a d r u p o l e  f o c u s s i n g  s y s t e m  s u p p l i e d  b y  U . K . A . E . A .  ( H a r w e l l )  
a n d  b a s e d  o n  t h e  s y s t e m  d e s q r i b e d  b y  C o o k s o n  a n d  P i l l i n g ,  i s  a t  p r e s e n t
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b e i n g  i n s t a l l e d  o n  t h e  U n i v e r s i t y  o f  S u r r e y  a c c e l e r a t o r .  T h e  t a r g e t  
c h a m b e r  h a s  b e e n  d e s i g n e d  t o  a c c o m m o d a t e  o n e - h a l f  o f  a  G u i l d f o r d  
s t r e a k - s a m p l e  f o r  p o s s i b l e  f u t u r e  a e r o s o l  s i z e - a n a l y s i s  p r o j e c t s .
A l t h o u g h  t h e  t e c h n i q u e  o f  P I X E  a n a l y s i s  h a s  s h o w n  i t s e l f  t o  
b e  s u i t a b l e  f o r  t h e  r o u t i n e  a n a l y s i s  o f  a  l a r g e  n u m b e r  o f  a e r o s o l  
s a m p l e s ,  t h e  c o m b i n e d  u s e  o f  o n e  o r  m o r e  o f  t h e  c o m p l e m e n t a r y  
t e c h n i q u e s  d i s c u s s e d  i n  t h i s  c h a p t e r  m a y  r e s u l t  i n  e v e n  m o r e  i n f o r m a t i o n  
b e i n g  e x t r a c t e d  f r o m  r o u t i n e  a e r o s o l  s a m p l e s .  T h e  r e s t r i c t e d  
a v a i l a b i l i t y  o f  a c c e l e r a t o r  b e a m - t i m e  l i m i t s  t h e  n u m b e r  o f  e l e m e n t s  
w h i c h  m a y  b e  q u a n t i t a t i v e l y  d e t e c t e d  p e r  s a m p l e  i f  a  l a r g e  n u m b e r  o f  
s a m p l e s  a r e  t o  b e  a n a l y s e d .  T h e  u s e  o f  X R F ,  h o w e v e r ,  u s i n g  r a d i o i s o t o p e  
e x c i t a t i o n  s o u r c e s  m a y  a l l o w  a n a l y s i s  t o  b e  c a r r i e d  o u t ,  i n  a  s u i t a b l y  
a u t o m a t e d  s y s t e m ,  a t  a  r a t e  e q u a l  t o  t h e  s a m p l e  c o l l e c t i o n  r a t e .  T h i s  
i m p l i e s  t h a t  84 s a m p l e s  o b t a i n e d  w i t h  a  t w o - h o u r  t i m e  r e s o l u t i o n  m a y  
b e  a n a l y s e d  a t  a  r a t e  o f  o n e  s a m p l e  p e r  t w o  h o u r s  w h i c h  m a y  r e s u l t  i n  a  
s i g n i f i c a n t  i n c r e a s e  i n  c o u n t i n g  s t a t i s t i c s  a n d  h e n c e  a  d e c r e a s e  i n  
m i n i m u m  d e t e c t i o n  l i m i t s .  A s  X R F  i s  c o m p l e t e l y  n o n - d e s t r u c t i v e ,  t h e  
p o s s i b i l i t y  t h e n  e x i s t s  o f  f u r t h e r  m o r p h o l o g i c a l  a n a l y s i s  t o  b e  c a r r i e d  
o u t  o n  t h e  s a m p l e s ,  p o s s i b l y  u s i n g  p r o t o n  m i c r o b e a m  t e c h n i q u e s .
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